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I SECTION I 

INTRODUCTION 
~ 

The conduct of s i n g l e  p i l o t  instrument f l i g h t  r u l e s  (SPIFR) opera- 

t i o n s  i s  a demanding human ope ra to r  task r e q u i r i n g  h ighly  e f f i c i e n t  

d i v i s i o n  of a t t e n t i o n  involv ing  manual con t ro l ,  a s s i m i l a t i o n  of informa- 

t i o n  from a v a r i e t y  of sources ,  and t h e  exe rc i se  of sound judgment. The 

c u r r e n t  gene ra t ion  ATC s y s t e m  is b a s i c a l l y  conf igured  t o  s e r v e  

multimember crews and as noted i n  Ref. 1, " f ly ing  I F R  a lone  i s  probably 

t h e  toughes t  t a s k  i n  av ia t ion ."  This study addresses  t h e  c o n t r o l s  and 

d i s p l a y s  needed dur ing  I F R  condi t ions  to  he lp  t h e  s i n g l e  p i l o t  avoid 

b lunders ,  perform requ i r ed  cockpi t  func t ions ,  maintain t h e  mental o r ien-  

t a t i o n  t o  understand t h e  f l i g h t  s i t u a t i o n ,  and t o  perform the f l i g h t  

t a s k s  and sub ta sks  with adequate prec is ion .  

The new e l e c t r o n i c  technologies  are  expected t o  have a dramat ic  

impact on f u t u r e  c o n t r o l s  and d i s p l a y s  f o r  SPIFR ope ra t ions .  These new 

t echno log ie s  inc lude  VHSIC (very high speed i n t e g r a t e d  c i r c u i t s ) ,  

advanced RF c i r c u i t s  such as monol i th ic  G a A s  a m p l i f i e r s ,  and i n t e g r a t e d  

e l e c t r o - o p t i c s  such as f ib re-opt ics  and monol i th ic  i n t e r f a c e  elements. 

These new technologies  promise more func t iona l  u t i l i t y  and a t  t h e  same 

t i m e  lower c o s t  and h igher  r e l i a b i l i t y  than  t h e  c u r r e n t  e l e c t r o n i c s .  

However, t h e i r  p o t e n t i a l  f o r  reducing workload w i l l  only be r e a l i z e d  i f  

t h e  i n t e r f a c e  wi th  t h e  p i l o t  i s  w e l l  developed. The s ta te  of t h e  a r t  of 

t h i s  i n t e r f a c e  i s  not  s u f f i c i e n t l y  mature s o  as t o  e f f e c t i v e l y  t a k e  

advantage of t h e  r ecen t  quantum advances i n  e l e c t r o n i c  technology. 

This r e p o r t  p re sen t s  a f i r s t  s t e p  i n  developing t h e  c r i t e r i a  f o r  

p i l o t  i n t e r a c t i o n  wi th  advanced cont ro ls  and d i sp lays .  The r e sea rch  

program presented  h e r e i n  cons is ted  of an  a n a l y t i c a l  phase and two 

exper imenta l  phases. The a n a l y t i c a l  phase of t h e  r e sea rch  cons i s t ed  of 

a review of fundamental cons ide ra t ions  f o r  p i l o t  workload t a k i n g  i n t o  

account  e x i s t i n g  d a t a ,  and us ing  t h a t  data  t o  develop a d iv ided  a t t e n -  

t i o n  SPIFR p i l o t  workload model. The r a t i o n a l e  behind developing such a 

model was based on the concept t h a t  i t  i s  necessary  t o  i d e n t i f y  and 
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quan t i fy  t h e  most important components of p i l o t  workload as a s t a r t i n g  

point i n  t h e  research.  The p i l o t  model w a s  u t i l i z e d  t o  i n t e r p r e t  and 

unify resul ts  of previous r e sea rch  and experiments as w e l l  a s  r e s u l t s  of 

t h e  experiments conducted he re in .  

Two experiments were conducted. Experiment I c o n s i s t e d  of a f l i g h t  

test program conducted a t  NASA Langley, which eva lua ted  p i l o t  workload 

i n  the presence of c u r r e n t  and near-term d i s p l a y s  and a u t o p i l o t  func- 

t ions.  Experiment I1 was conducted on a F l i g h t  Sa fe ty  I n t l .  King A i r  

s imulator ,  and i n v e s t i g a t e d  t h e  e f f e c t s  of co -p i lo t  f u n c t i o n s  i n  t h e  

presence of very high SPIFR workload. 

The fundamental c o n s i d e r a t i o n s  f o r  p i l o t  workload, i n c l u d i n g  t h e  

development of a SPIFR workload model, i s  p resen ted  i n  Sec t ion  11. Four 

s u b j e c t i v e  workload assessment scales and two o b j e c t i v e  measures were 

used i n  t h e  experiments.  These a r e  d i scussed  i n  Sec t ion  111. The 

experimental  resul ts  from f l i g h t  tes t  and s i m u l a t i o n  are presented i n  

Section IVY and t h e  conclusions of t h i s  r e sea rch  a r e  given i n  Sec t ion  V. 

A comprehensive review and i n t e r p r e t a t i o n  of e x i s t i n g  d a t a  r e l a t e d  t o  

SPIFR p i l o t  workload is presented i n  Appendix A. Appendices R and C 

con ta in  d e t a i l e d  d e s c r i p t i o n s  of t h e  s c e n a r i o s  used i n  Experiments I 

and 11. 
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SECTION I1 

F U N D ~ N T A L  CONSIDERATIONS FOB S P U R  PILOT WORKLOAD 

A div ided  a t t e n t i o n  workload model has been formulated t o  q u a n t i f y  

the p i l o t  behavior  r equ i r ed  f o r  successfu l  o p e r a t i o n  i n  t h e  SPIFR envi- 

ronment. The f i r s t  s t e p  i n  t h e  development of t h e  model was t o  i d e n t i f y  

t h e  b a s i c  human ope ra to r  func t ions  and l i m i t a t i o n s  t h a t  apply t o  t h e  

SPIFR t ask .  A model de f in ing  these c h a r a c t e r i s t i c s  w a s  adapted from 

Ref. 2 and is shown i n  Fig. 1. This  model i l l u s t r a t e s  t h a t  t h e  human 

p i l o t ' s  primary l i m i t a t i o n  l i e s  i n  t h e  f a c t  t h a t  he o r  s h e  is  b a s i c a l l y  

a s i n g l e  channel  processor ;  t h a t  is a human ope ra to r  can only tend t o  

one t h i n g  a t  a t i m e .  This e f f e c t  t ends  t o  be magnified i n  a h igh  work- 

load s i t u a t i o n .  

I 
I 
I 

I U 
I 
I 
I 

I 
I 
I 
I 

I 
I 
I 
I 

INPUT I SENSATION, PERCEPTKW; DECISION I RESPONSE 

Simultaneous i n p u t s  are he ld  i n  short- term memory 

The s i n g l e  d e c i s i o n  channel is s e r i a l  i n  n a t u r e  
a l lowing  t h e  human ope ra to r  t o  a t t e n d  t o  only one 
t h i n g  a t  a t i m e  

Basic methodology i s  guided by long-term memory 

Figure  1. Key Elements of Human Information Process ing  
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As shown i n  Fig. 1 t h e r e  are a l a r g e  number of incoming phys ica l  

s t i m u l i  which a r e  perce ived  by t h e  senses  ( s i g h t ,  touch,  sound, and 

k i n e s t h e s i s  f e e l )  which, i n  some cases ,  may be c o n f l i c t i n g .  The func- 

t i o n  a f t e r  "sensing" r e p r e s e n t s  t h e  human ope ra to r s  a b i l i t y  t o  unscran- 

b l e  c o n f l i c t i n g  s i g n a l s  as w e l l  as t o  p a s s  only p e r t i n e n t  in format ion  t o  

the  "Short Term Memory." Examples of c o n f l i c t i n g  s i g n a l s  would be t h e  

c l a s s i c a l  discrepancy between t h e  v e s t i b u l a r  and v i s u a l  cues  which 

requires t h e  p i l o t  t o  ignore  h i s  i n s t i n c t s  and be l i eve  t h e  ins t ruments .  

This f u n c t i o n  becomes q u i t e  r e f i n e d  du r ing  b a s i c  ins t rument  t r a i n i n g  and 

is  enhanced by a high q u a l i t y  d i s p l a y  of a i r c r a f t  a t t i t u d e .  C o n f l i c t i n g  

s i g n a l s  between t h e  nav iga t ion  d i s p l a y s  can cause an  enormous i n c r e a s e  

i n  workload whi le  t h e  p i l o t  a t tempts  t o  d i s c e r n  which informat ion  t o  

r e j e c t .  Examples of such c o n f l i c t s  are VOR r e c e i v e r s  which do no t  

agree,  disagreement between a VOR c ros sbea r ing  and t h e  DME when iden-  

t i f y i n g  an  i n t e r s e c t i o n ,  and i n a p p r o p r i a t e  a u t o p i l o t  responses  t o  com- 

mands (wrong mode s e l e c t e d ,  poor a u t o p i l o t  performance, o r  mal func t ion) .  

The a d d i t i o n  of advanced d i s p l a y s ,  such as a moving map, may i n c r e a s e  

t h e  chances of c o n f l i c t s  s i n c e  more d a t a  is  a v a i l a b l e ;  f o r  example, t h e  

a i r c r a f t  could appear  t o  have vary ing  degrees  of course  o f f s e t  depending 

on the map s c a l e  s e l e c t e d .  

Se lec t ed  unscrambled informat ion  i s  placed i n  short- term memory t o  

be u t i l i z e d  i n  s e r i a l  f a s h i o n  v i a  t h e  "Single  Decis ion Channel." The 

methodology which guides  t h e  short- term memory and p r i o r i t i z e s  i n f  orma- 

t i o n  f o r  use i n  t h e  S ingle  Decis ion Channel is e s t a b l i s h e d  i n  t h e  "Long- 

Term Memory ." 
The fo l lowing  observa t ions  can be made about  short- term memory func- 

t ion.  

0 It is prone t o  e r r o r s  which a r i se  as a r e s u l t  of 
f a l s e  hypotheses (see Ref. 2). 

6 A l l  but  one p i ece  of incoming d a t a  (phys i ca l  
s t i m u l i )  are s t o r e d  i n  short- term memory. Note 
t h a t  t h e  d a t a  i s  " f i l t e r e d "  by t h e  human ope ra to r  
t o  d e l e t e  u s e l e s s  information.  

0 Much of t h e  d a t a  i n  short- term memory i s  wiped 
out  i f  an o v e r r i d i n g l y  important  p i e c e  of i n f o r -  
mation i s  rece ived  (see Ref. 2 ) .  
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@ One o b j e c t i v e  of t h e  d i s p l a y s  and c o n t r o l s  should 
be t o  reduce t h e  requirements on short- term 
memory . 

The fo l lowing  obse rva t ions  can be made about t h e  long-term memory 

func t ion .  

0 It sets p r i o r i t i e s  f o r  a c t i o n  upon items i n  
short- term memory. 

Q It sets t h e  p a t t e r n  and s t r a t egy  f o r  scanning 
behavior.  

e Its  e f f i c i e n c y  is s t rong ly  a s soc ia t ed  wi th  IFR 
p ro f i c i ency .  

Examples of incoming phys ica l  s t i m u l i  a r e  

0 

0 

0 

0 

0 

e 

0 

e 

e 

e 

0 

Avionics and a u t o p i l o t  con t ro l  s e t t i n g s  

I n s  t rume n t readings 

ATC c l ea rances  

Weather d a t a  

Navigat ion information (approach p l a t e s ,  en rou te  
c h a r t s ,  STARS, SIDS) 

Turbulence 

Malfunctions 

Ves t ibu la r  ( i nne r  e a r )  cues  

K i n e s t h e t i c  cues 

Engine and wind n o i s e  

Cont ro l  f o r c e s  

The very gene ra l  model desc r ib ing  human informat ion  process ing  has  

been evolved i n t o  a s p e c i a l i z e d  d iv ided  a t t e n t i o n  SPIFR workload model 

by cons ide ra t ion  of s p e c i f i c  f l i g h t  a c t i v i t i e s  and p i l o t i n g  tasks .  

A review of t h e  SPIFR p i l o t i n g  tasks i n d i c a t e s  t h a t  they can be  

broadly ca tegor ized  as 

0 Navigat ion func t ions  involving p i l o t  i n t e r a c t i o n  
wi th  t h e  c o n t r o l s  and d i sp lays ,  and mental  
o r i e n t a t i o n .  
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Decision Making 

Copy and I n t e r p r e t  Clearances 

ATC Communications 

Accomplishment of Checkl i s t  Items -- Normal 
and Emergency 

F a i l u r e  Detec t ion  

A i r c r a f t  Systems Management 

A i r c r a f t  Cont ro l  

The func t ions  noted above have l e d  t o  a more s p e c i f i c  d iv ided  a t t e n t i o n  

SPIFR workload model as shown i n  Fig. 2. This  model i l l u s t r a t e s  t h a t  

the  human p i l o t ' s  primary l i m i t a t i o n  l i e s  i n  t h e  f a c t  t h a t  h e  o r  she  i s  

b a s i c a l l y  a s i n g l e  channel processor  and must m u l t i p l e x  o r  "switch" 

between t h e  s p e c i f i e d  tasks .  Success o r  f a i l u r e  i n  a g iven  t a s k ,  there-  

f o r e ,  depends very s t r o n g l y  on t h e  p i l o t ' s  a b i l i t y  t o  proper ly  d i v i d e  

h i s  a t t e n t i o n  according t o  t h e  demands of t h e  s i t u a t i o n  -- hence t h e  

need f o r  continuous scanning of t h e  c o n t r o l s  and d i s p l a y s  which must no t  

only be rap id  but  e f f i c i e n t .  Such e f f i c i e n t  scanning i s  guided by long- 

term memory. The purpose of r e c u r r e n t  instrument  t r a i n i n g  is  t o  main- 

t a i n  t h e  necessary i n g r e d i e n t s  i n  long-term memory f o r  an  e f f i c i e n t  scan  

of the d i s p l a y s  f o r  a p a r t i c u l a r  a i r c r a f t .  

Two experiments were conducted t o  q u a n t i f y  t h e  e f f e c t s  of t h e  

divided a t t e n t i o n  t a s k s  i n  t h e  Fig. 2 model i n  terms of o v e r a l l  p i l o t  

workload. Experiment I was accomplished i n  f l i g h t ,  and was designed t o  

represent  t h e  h ighes t  poss ib l e  workload i n  t h e  presence of a f u l l y  oper- 

a t i o n a l  a i r c r a f t .  I n  t h e s e  tests t h e  experimental  s cena r ios  were formu- 

l a t ed  t o  provide v a r i a t i o n s  i n  workload due t o  "Navigation," (Mental 

Or i en ta t ion ) ,  and " A i r c r a f t  Control" t a sks .  

The second experiment w a s  accomplished on a ground based s imula to r  

and was designed t o  maximize t h e  impact  of "Decision Making," "ATC 

Communications , ' I  "Emergency Check l i s t s  , I 1  and "Ai rc ra f t  Systems Manage- 

ment" t a s k s ,  and t o  determine t h e  r e l a t i v e  c o n t r i b u t i o n s  of t h e s e  t a s k s  

t o  SPIFR p i l o t  workload. Such i n s i g h t  w a s  deemed t o  be va luab le  i n  

6 
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determining t h e  types  of c o n t r o l s  and d i s p l a y s  t h a t  would be most e f f e c -  

t i v e  f o r  reducing SPIFR workload. Probably t h e  b e s t  way t o  avoid exces- 

s i v e  workload du r ing  instrument  f l i g h t  o p e r a t i o n s  i s  t o  f l y  w i t h  a co- 

p i l o t ,  and t o  some ways of t h i n k i n g ,  a f u l l y  r a t e d  co -p i lo t  r e p r e s e n t s  

t h e  i d e a l  way t o  accomplish t h e  d i v i d e d  a t t e n t i o n  t a s k s  i n  Fig. 2. 

Flying IFR with a two-pilot  crew i s  u n i v e r s a l l y  acknowledged t o  be s i g -  

n i f i c a n t l y  easier than  f l y i n g  s i n g l e  p i l o t .  I f  t h e  b e s t  way t o  avoid  

excessive workload is  t o  f l y  with a co -p i lo t ,  w e  posed t h e  q u e s t i o n :  

Which of t h e  a c t i v i t i e s  i n  Fig. 2 are most important  du r ing  IFR opera- 

t i o n s ,  and how does t h e i r  presence o r  absence a f f e c t  workload? To 

address  t h i s  i s s u e ,  i n  Experiuent  11, we t r e a t e d  a n  e x p e r t  co -p i lo t  as a 

component subsystem, and observed t h e  e f f e c t s  of s e l e c t i v e  d e g r a d a t i o n  

i n  h i s  accomplishment of t h e  Fig. 2 t a s k s  i n  terms of p i l o t  performance 

and s u b j e c t i v e  workload r a t i n g  scales. 

8 



SECTION I11 

Both q u a l i t a t i v e  and q u a n t i t a t i v e  workload measures were used i n  t h e  

experiments.  A b a t t e r y  of f o u r  sub jec t ive  workload measurement scales 

were adminis te red  t o  t h e  s u b j e c t  p i l o t s  upon completion of each IFR 

scenar io .  These were: 

8 The Mul t ip le  Sca le  Rat ing  S y s t e m  (MSRS) 

8 A s l i g h t l y  modified vers ion  of t h e  Cooper-Harper 
Handling Q u a l i t i e s  s c a l e  (Ref. 3 )  (CH) 

0 A workload scale developed and eva lua ted  i n  
Refs. 4 and 5, termed the Modified Cooper-Harper 
Sca le  (MCH) 

A Sub jec t ive  Workload Assessment Technique (SWAT) 
developed by t h e  Air Force (Refs. 6 through 11) 

A b r i e f  d i scuss ion  of each of t h e s e  s c a l e s  follows. 

A. WLTIPLE SCALE RATING SYSTEM (MSRS) 

A mul t ip l e  s c a l e  r a t i n g  system (MSRS) f o r  p i l o t  workload was devel-  

oped s p e c i f i c a l l y  f o r  t h i s  experiment,  and is  given i n  Fig. 3. This  

r a t i n g  system c o n s i s t s  of f i v e  sepa ra t e  scales wi th  t h e  a d j e c t i v e s  

"Excel len t , "  "Good," "Fair ,"  and "Poor." These a d j e c t i v e s  were found t o  

be l i n e a r  i n  terms of t h e i r  semantic  meanings t o  a l a r g e  popula t ion  of 

engineer  and p i l o t  s u b j e c t s  i n  Ref. 12.  The purpose of t h e  MSRS was t o  

determine t h e  s p e c i f i c  components of workload t h a t  r e s u l t s  i n  a g iven  

o v e r a l l  assessment. A new r a t i n g  forin was i s sued  t o  t h e  p i l o t  f o r  each 

r a t i n g  segment i n  t h e  experiment. The r a t i o n a l e  behind each of t h e  MSRS 

scales is  d iscussed  b r i e f l y  below. 

0 P r e c i s i o n  -- The eva lua t ion  p i l o t  was asked t o  e s t i -  
mate t h e  p r e c i s i o n  wi th  which he  was a b l e  t o  accom- 
p l i s h  t h e  segment of t h e  scenar io  being r a t e d  i n  terms 
of p i t c h  and r o l l  a t t i t u d e ,  l a t e ra l  course  dev ia t ion ,  
and a l t i t u d e  dev ia t ions .  The s t anda rd  of performance 
was t o  minimize a l t i t u d e  excurs ions  t o  less than  

9 
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100 f t  wi th  t h e  except ion  of minimum descent  a l t i t u d e  
o r  d e c i s i o n  he igh t ,  i n  which case no excurs ions  below 
t h e  r e fe rence  a l t i t u d e  were accepted. The course 
d e v i a t i o n  was t o  be kept  within k 1 /3  of f u l l  s c a l e ,  
a i r s p e e d  w i t h i n  +, 5 k t  of t h e  r e fe rence  speed, and 
bank ang le  wi th in  k 20 deg of t h e  d e s i r e d  value.  The 
r a t i n g  was accomplished by simply making t h r e e  marks 
on t h e  s c a l e  and p u t t i n g  an "A," "P," or  "H" t o  i n d i -  
cate  whether i t  i s  a t t i t u d e ,  p o s i t i o n ,  o r  a l t i t u d e  
t h a t  was being r a t ed .  

8 A b i l i t y  t o  perform s i d e  tasks -- A number of s p e c i f i c  
s i d e  t a s k s  t o  be considered are l i s t e d  below t h e  
sca l e .  The p i l o t  was i n s t r u c t e d  t o  a l s o  cons ider  any 
a d d i t i o n a l  s i d e  t a s k s  such as  t h e  emergencies i n t r o -  
duced i n  Experiment 11. 

0 A b i l i t y  t o  maintain mental o r i e n t a t i o n  -- The evalua-  
t i o n  p i l o t  was asked t o  r a t e  h i s  a b i l i t y  t o  continu- 
ously maintain h i s  o r i e n t a t i o n  wi th  r e spec t  t o  cha r t ed  
a i r p o r t s ,  navaids ,  a i rways,  and i n t e r s e c t i o n s .  The 
p i l o t s  were b r i e fed  t h a t  any tendency t o  t u r n  t h e  
wrong way i n  a holding p a t t e r n  should be considered as 
"Poor t o  Inadequate" on this sca l e .  

0 A b i l i t y  t o  avoid blunders  -- The p i l o t  s u b j e c t s  were 
asked t o  i d e n t i f y  d e f i c i e n c i e s  f o r  each c o n t r o l  d i s -  
p lay  conf igu ra t ion  and t o  e s t ima te  t h e i r  a b i l i t y  t o  
avoid blunders .  I n  this contex t ,  i t  is  e n t i r e l y  pos- 
s i b l e  t h a t  a p i l o t  could f l y  a "pe r fec t  mission" and 
s t i l l  cons ider  t h e  a b i l i t y  t o  avoid b lunders  as poor. 
I n  f a c t ,  i t  i s  not  uncommon t o  perform d i f f i c u l t  
s i n g l e  p i l o t  IFR t a s k s ,  w i t h  good accuracy,  knowing 
f u l l  w e l l  t h a t  i f  any a d d i t i o n a l  t a s k s  were added, o r  
emergencies encountered, the excess  workload capac i ty  
could exceed 100%. It is t h e  tendency towards t h i s  
p a r t i c u l a r  phenomenon t h a t  we were ask ing  t h e  p i l o t s  
t o  rate on t h i s  sca le .  

d Overa l l  assessment -- Here we were ask ing  t h e  p i l o t ' s  
o v e r a l l  op in ion  of t h e  workload a s s o c i a t e d  wi th  a 
g iven  segment of a scena r io  f o r  the c o n t r o l  d i s p l a y  
c o n f i g u r a t i o n  i n  quest ion.  T h i s  scale allowed us  t o  
weigh t h e  importance of d e f i c i e n c i e s  noted on each of 
t h e  o t h e r  four  scales. For example, i f  t h r e e  of t h e  
fou r  s c a l e s  a r e  r a t e d  "Good" and t h e  f o u r t h  scale is  
r a t e d  "Poor" and t h e  o v e r a l l  assessment is "Poor" i t  
w a s  our understanding t h a t  cons ide rab le  weight ing 
should be placed on t h e  p a r t i c u l a r  d e f i c i e n c y  noted on 
t h e  f o u r t h  scale. 
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B. COOPER-HARPER SCALE (CH) 

A s l i g h t l y  modified v e r s i o n  of t h e  w e l l  known Cooper-Harper (CH) 

s c a l e  f o r  handl ing q u a l i t i e s  (Ref. 3)  was u t i l i z e d  t o  make a n  o v e r a l l  

estimate of p i l o t  workload. Th i s  scale is  known t o  have meaningful 

a d j e c t i v e s  which can be i n t e r p r e t e d  i n  terms of o p e r a t i o n a l  r equ i r e -  

ments. The scale i s  shown i n  Fig. 4 where i t  can be seen  t h a t  t h e  mod- 

i f  i c a t i o n s  c o n s i s t  of changing t h e  name from Handling Q u a l i t i e s  Rat ing  

Sca le  t o  Control /Display Rat ing  Sca le ,  r e v i s i n g  t h e  q u e s t i o n  i n  t h e  

lower l e f t  corner  from, Is it  c o n t r o l l a b l e ?  t o  Loss of c o n t r o l  extremely 

u n l i k e l y ,  and f i n a l l y ,  changing t h e  heading e n t i t l e d  A i r c r a f t  Character-  

i s t i c s  t o  Control /Display C h a r a c t e r i s t i c s .  

C. MODIFIED COOPER-HARPER SCALE (MCH) 

This  scale u t i l i z e s  t h e  d e c i s i o n  tree format of t h e  Cooper-Harper 

s c a l e ,  and employs an i d e n t i c a l  s t r u c t u r e .  However, t h e  semantics  are 

e n t i r e l y  d i f f e r e n t ;  compare Figs .  4 and 5. The MCH scale w a s  v a l i d a t e d  

i n  t h r e e  s e p a r a t e  experiments i n  Ref. 4 ;  a pe rcep tua l  experiment,  a 

mediat ional  ( c o g n i t i v e )  experiment ,  and a communications experiment.  

The MCH scale r a t i n g s  demonstrated a monotonic i n c r e a s e  wi th  workload 

l e v e l  i n  Refs. 4 and 5. 

D. SUBJECTIVE WRKLOAD ASSESSMENT TECHNIQUE (SWAT) 

The SWAT scale has  undergone cons ide rab le  development by t h e  USAF, 

s e e  f o r  example Refs. 6 through 11. Th i s  scale c o n s i s t s  of t h r e e  com- 

ponents of workload; t i m e ,  e f f o r t ,  and stress. The workload correspond- 

i n g  t o  each of t h e s e  components i s  c h a r a c t e r i z e d  by t h r e e  s t a t emen t s ,  as 

shown i n  Fig. 6. As a r e s u l t ,  t h e r e  are 27 combinations of t i m e ,  

mental ,  and stress load t o  choose from t o  r ep resen t  a p a r t i c u l a r  work- 

load  s i t u a t i o n .  The SWAT procedure r e q u i r e s  t h a t  each s u b j e c t  perform a 

s o r t  of 27 ca rds ,  each of which con ta ins  s t a t emen t s  t h a t  r e p r e s e n t s  one 

of t h e  p o s s i b l e  combinations of workload. 

s o r t  t h e  cards  s o  t h a t  t h e  27 combinations 

the degree of s u b j e c t i v e  workload imposed by 

The s u b j e c t s  are asked t o  

are rank-ordered t o  r e f l e c t  

each. The r e s u l t s  of e i g h t  

12 
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I. T i m e  Load 

1. Often have s p a r e  t i m e .  I n t e r r u p t i o n s  o r  over lap  among 
a c t i v i t i e s  occur in f r equen t ly  o r  not  a t  a l l .  

2. Occasional ly  have spa re  time. I n t e r r u p t i o n s  o r  over lap  
among a c t i v i t i e s  occur  f requent ly .  

3. Almost never have spare time. I n t e r r u p t i o n s  o r  ove r l ap  
among a c t i v i t i e s  a r e  very f requent ,  o r  occur  a l l  t h e  t i m e .  

11. Mental E f f o r t  Load 

1. Very l i t t l e  conscious mental e f f o r t  o r  concen t r a t ion  
required.  A c t i v i t y  i s  almost automatic ,  r equ i r ing  l i t t l e  o r  
no a t t e n t i o n .  

2. Moderate conscious mental  e f f o r t  o r  concen t r a t ion  required.  
Complexity of a c t i v i t y  is moderately h igh  due t o  uncer- 
t a i n t y ,  u n p r e d i c t a b i l i t y ,  or u n f a m i l i a r i t y .  Considerable  
a t t e n t i o n  required.  

3.  Extensive mental e f f o r t  and concen t r a t ion  a r e  necessary.  
Very complex a c t i v i t y  requi r ing  t o t a l  a t t e n t i o n .  

111. S t r e s s  Load 

1. L i t t l e  confusion, r i s k ,  f r u s t r a t i o n ,  o r  anx ie ty  e x i s t s  and 
can be e a s i l y  accommodated. 

2. Moderate stress due t o  confusion, f r u s t r a t i o n ,  o r  anx ie ty  
no t i ceab ly  adds t o  workload. S i g n i f i c a n t  compensation i s  
r equ i r ed  t o  main ta in  adequate performance. 

3. High t o  very i n t e n s e  stress due t o  confus ion ,  f r u s t r a t i o n ,  
o r  anxie ty .  High t o  extreme de te rmina t ion  and s e l f - c o n t r o l  
required.  

F igure  6 .  SWAT S c a l e  
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c a r d  s o r t s  ( 4  NASA test  p i l o t s ,  and 4 eng inee r s ,  2 of which are p i l o t s )  

i nd ica t ed  t h a t  t h e r e  was s i g n i f i c a n t  agreement among s u b j e c t s  ( a l s o  

found i n  previous experiments ,  Ref. 8., f o r  example). Therefore ,  t h e  

ca rd  s o r t  d a t a  from t h e s e  e i g h t  s u b j e c t s  was combined dur ing  t h e  SWAT 

s c a l i n g  procedure (accomplished by t h e  USAF) t o  form one o v e r a l l  i n t e r -  

va l  s c a l e  of workload wi th  a range of 0 t o  100. These r e s u l t s  are g iven  

i n  Fig. 7 ,  and are used as t h e  b a s i s  f o r  t h e  SWAT d a t a  presented  i n  

Sec t ion  IV. 

The s u b j e c t s  used i n  t h e  second experiment,  d i scussed  i n  Sec t ion  I V ,  

a l l  performed t h e  SWAT card  s o r t ,  but  t h e  d a t a  was not  u t i l i z e d  i n  t h e  

SWAT s c a l i n g  procedure. These ca rd  s o r t s  were performed t o  a l low t h e  

s u b j e c t s  t o  become f a m i l i a r  wi th  t h e  SWAT s t a t emen t s ,  and t o  a l low us t o  

uncover any s i g n i f i c a n t  anomalies which might occur  regard ing  s u b j e c t  

a t t i t u d e s  r e l a t e d  t o  t i m e ,  mental and stress workload f a c t o r s .  None 

were observed. 
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100 .o 

Figure 7. SWAT Workload Results 
( for  8 subjects) 
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SECTION IV 

EXPERIMENTAL DETERMINATION OF SINGLE PILOT IFB WBKLOAD 

Two experiments were conducted; t h e  f i r s t  t o  determine t h e  e f f e c t  of 

e x i s t i n g  con t ro l s  and d i s p l a y s  on workload, and t h e  second t o  i n v e s t i -  

g a t e  fundamental requirements for f u t u r e  cockp i t s .  The f i r s t  experiment 

(conducted i n  two phases)  was accomplished a t  t h e  NASA Langley Research 

Center us ing  a c t u a l  a i r c r a f t  with d i f f e r e n t  c o n t r o l / d i s p l a y  combinations 

ranging from s i m p l e  dua l  VOR t o  a moving map d i sp lay .  These tests 

involved s e v e r a l  h igh  workload s c e n a r i o s ,  but d i d  not  i nc lude  t h e  

e f f e c t s  of f a i l u r e s .  The second experiment u t i l i z e d  a ground based 

t r a i n i n g  s imula t ion  of a c u r r e n t  turboprop a i r c r a f t ,  which i s  represen-  

t a t i v e  of t h e  most complex a i r c r a f t  u t i l i z e d  f o r  s i n g l e  p i l o t  opera- 

t i o n s .  F a i l u r e s  were s imulated i n  t h i s  a l r eady  h igh  workload environ-  

ment t o  maximize t h e  n e c e s s i t y  f o r  d iv ided  a t t e n t i o n  opera t ion .  I n  some 

cases, a co-p i lo t  was added whose a l lowable  f u n c t i o n s  were sys temat i -  

c a l l y  va r i ed  t o  determine which func t ions  a r e  of g r e a t e s t  value,  and 

hence, should be a r t i f i c i a l l y  reproduced i n  t h e  i d e a l  SPIFR cockpi t .  

The d e t a i l s  and r e s u l t s  of t h e s e  experiments are d iscussed  below. 

A. EXPERIMENT I: EFFECT OF CONTROLS AND DISPLAYS ON PILOT WRKLOAD 

I. Overview of Experiment I 

The  fo l lowing  overview i s  given t o  set  t h e  s t a g e  f o r  t h e  r e s u l t s  

presented i n  the  fol lowing s e c t i o n  (A.21, and a d d i t i o n a l  d e t a i l s  of t h e  

experiment a r e  presented  i n  Appendix B. 

a. Purpose 

F l i g h t  tests were conducted a t  t h e  NASA Langley Research Center t o  

eva lua te  p i l o t  i n t e r a c t i o n  wi th  a v a r i e t y  of nav iga t ion  c o n t r o l s  and 

displays.  The f l i g h t s  a l s o  took advantage of t h e  a v a i l a b i l i t y  of t h e  

NASA Langley Cessna 402B equipped wi th  the D i g i t a l  Advanced Avionics 

System (DAAS) r e sea rch  av ion ic s  system. The DAAS (Ref. 13)  included a 

18 



CRT-based moving map d i sp lay  of a r e a  naviga t ion  information,  and per -  

mi t ted  e v a l u a t i o n  of p i l o t  i n t e r f a c e  with a s o p h i s t i c a t e d  nav iga t ion  

d i s p l a y .  

b. Equipment 

Three a i r c r a f t  and f o u r  con t ro l /d i sp l ay  conf igu ra t ions  were used f o r  

t h e  f l i g h t  tests. A Cessna 310 with a s ta te -of - the-ar t  VOR/DME based 

area nav iga t ion  (RNAV) system represented t h e  low t o  medium l e v e l s  of 

nav iga t ion  s y s t e m  c a p a b i l i t y .  The cockpi t  inc luded  a h o r i z o n t a l  s i t u a -  

t i o n  i n d i c a t o r  (HSI), a second VOR course d e v i a t i o n  i n d i c a t o r  (CDI), a 

remote magnetic i n d i c a t o r  (RMI) wi th  VOR and ADF bear ing  p o i n t e r s ,  and 

d u a l  DME d i sp lays .  The nav iga t ion  c a p a b i l i t y  l e v e l s  t e s t e d  i n  t h i s  a i r -  

c r a f t  were dua l  VOR without DME, dua l  VOR and DME, and RNAV. For t h e  

lower l e v e l s  of c a p a b i l i t y ,  c e r t a i n  d i sp lays ,  such as t h e  RMI and DME, 

were covered. The second a i r c r a f t ,  the  Cessna 402B, was equipped wi th  

t h e  DAAS moving map d i sp lay  (see Ref. 13) and provided t h e  h i g h e s t  l e v e l  

of nav iga t ion  d i s p l a y  t e s t e d .  The t h i r d  a i r c r a f t  w a s  a Beech Queen A i r  

equipped wi th  a t y p i c a l  execut ive  a i r c r a f t  instrument  panel  inc luding  an  

HSI, RMI, and dua l  DME. During t h e  i n i t i a l  tests,  t h e  Cessna 310 was 

flown wi th  a very s i m p l i f i e d  instrument  panel wi th  d u a l  VOR and no HSI. 

C. Scenar ios  

Real is t ic  gene ra l  a v i a t i o n  opera t ion  scena r ios  were used, wi th  

emphasis on t h e  h igh  workload te rmina l  a r ea  pbase of f l i g h t .  F igures  8 

through 10 show t h e  d e t a i l s .  Scenar io  A-1 c o n s i s t e d  of depa r tu re  from 

Langley t o  t h e  Harcum 134 r a d i a l ,  BAZOO i n t e r s e c t i o n ,  Norfolk. A hold- 

i n g  p a t t e r n  was en te red  a t  Norfolk,  where p i l o t  workload r a t i n g s  (MSRS, 

CH, and SWAT) and comments were gathered.  The second segment (Scenar io  

A-2) c o n s i s t e d  of f l y i n g  t o  RIPPS i n t e r s e c t i o n ,  where a back course  

approach t o  P a t r i c k  Henry (PHF) a i r p o r t  was i n i t i a t e d .  The back course  

approach w a s  flown a t  a l t i t u d e s  above the PHF a i r p o r t  t r a f f i c  area, t o  

reduce i n t e r f e r e n c e  with o t h e r  t r a f f i c  and t o  permit  t h e  back course  t o  

be flown when t h e  f r o n t  course  approach was i n  use. The s c e n a r i o  was 

completed a f t e r  t h e  approach a t  PHF and a second p i l o t  r a t i n g  form was 

comp 1 e t  ed . 
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Scenario AI  - LFI to  hold at Norfolk VOR 

Scenario A 2 -  Norfolk VOR to complete 
PHF back course approach 

HARCUM VOR 

NORFOLK 
VOR 

Figure  8. Scenar ios  A1 and A2 

Scenario D 1  cons i s t ed  of a f l i g h t  t o  Harcum VORTAC, and then  a n  

approach t o  a f i c t i o n a l  a i r p o r t  a t  t h e  Hopewell VORTAC (see Fig. 9 ) .  

After t h e  missed approach and holding p a t t e r n  e n t r y ,  a p i l o t  r a t i n g  form 

was completed. The Hopewell approach was then  repea ted  wi th  t h e  DME 

turned o f f ,  and a second se t  of s u b j e c t i v e  p i l o t  r a t i n g s  was obta ined  

gathered. I n  one of t h e  d a t a  f l i g h t s ,  t h e  second approach w a s  an  ILS 

approach r e t u r n i n g  t o  Langley A i r  Force Base. Scenar io  D 2  began t h e  

same as D 1 ,  except  t h a t  a f t e r  t h e  f i r s t  approach a t  Hopewell, an  RNAV 

approach t o  t h e  Glouces te r ,  V i rg in i a  a i r p o r t  was flown (Fig.  10).  The 

second p i l o t  r a t i n g  form w a s  completed a f t e r  t h e  missed approach a t  

Gloucester.  Nei ther  t h e  Hopewell nor Glouces te r  approaches are FAA 

e s t a b l i s h e d  o r  approved approaches,  but  were con t r ived  f o r  t h e s e  f l i g h t  

tests, which were flown only under v i s u a l  f l i g h t  ru l e s  (VFR). Radar 

t r a f f i c  a d v i s o r i e s  were u t i l i z e d  where a v a i l a b l e ,  bu t  a l l  approaches 
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were flown without  the a s s i s t a n c e  of radar v e c t o r s  t o  t h e  f i n a l  approach 

course.  

The p i l o t  r a t i n g s  ga thered  included t h e  s u b j e c t i v e  workload assess- 

ment technique (SWAT) r a t i n g ,  a Cooper-Harper r a t i n g  (CH) ,  and t h e  mul- 

t i p l e  workload scale (MSRS). These s u b j e c t i v e  workload measures are 

descr ibed  i n  d e t a i l  i n  Sec t ion  111. 

I n  o rde r  t o  b e t t e r  determine d i f f e rences  i n  t h e  p i l o t  i n t e r f a c e  wi th  

t h e  var ious  d i s p l a y s ,  t h e  o v e r a l l  p i l o t  workload was i n t e n t i o n a l l y  

inc reased  by not  a l lowing use  of t h e  a i r c r a f t  a u t o p i l o t  and by r e q u i r i n g  

t h e  p i l o t  t o  wear an ou t s ide  view r e s t r i c t i n g  hood. An e f f o r t  was a l s o  

made t o  f l y  on days w i t h  atmospheric tu rbulence ,  bu t  w i th  l i t t l e  suc- 

cess. 

A summary of t h e  p i l o t  r a t i n g s  t o  be d iscussed  below, are shown i n  

Tables  1 and 2. The l e f t  column i n  Tables 1 and 2 are t h e  r a t i n g  scales 

d i scussed  i n  Sec t ion  111 and t h e  f i r s t  f i v e  items are t h e  elements of 

t h e  MSRS scale (Fig. 3). 

2. Results of Experiment I - Effect of Display Sophistication 

a. Sub jec t ive  P i l o t  Workload Rat ing Scale Resu l t s  

The experimental  r e s u l t s  are summarized i n  Figs. 11 through 14 i n  

terms of t h e  s u b j e c t i v e  p i l o t  workload r a t i n g  scales d iscussed  i n  

S e c t i o n  111. The Mul t ip le  Sca le  Rating System (MSRS) r e s u l t s  shown i n  

Fig. 11 a r e  based on an average over t h ree  p i l o t s  f l y i n g  each of t h e  

s c e n a r i o s  noted below each d i sp lay  conf igura t ion  i n  Figs .  11 through 

14. These r e s u l t s  i n d i c a t e  t h a t  t h e  use of dua l  VOR without  a DME i s  

marginal  i n  terms of p i l o t  workload. That is, t h e  v a r i a b i l i t y  i s  h igh ,  

wi th  some r a t i n g s  i n  t h e  ''poor'' category, and t h e  average r a t i n g s  f a l l  

i n  t h e  "good t o  f a i r "  range. Addit ion of DME shows improvement, bu t  t h e  

v a r i a b i l i t y  i s  h igh  enough t o  raise concern. The RNAV r a t i n g s  i n d i c a t e  

s u b s t a n t i a l l y  less v a r i a b i l i t y ,  even though t h e  RNAV approach (Fig. 10) 

is i d e n t i c a l  i n  form t o  t h e  VOR/DME approach i n  Fig. 9. This can be 

"explained" by p l o t t i n g  t h e  p i l o t  r a t ings  only f o r  approaches (see 

Fig. 12) ,  wherein t h e  r a t i n g s  and r a t i n g  v a r i a b i l i t y  are similar f o r  
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TABLE 1. PILOT RATING DATA -- CONVENTIONAL DISPLAYS 

Dl 
VOR/DME 
_- 

60, 80R 
91 
70, 70R 

D2 
RNAV 

80 
91 
60 

SCENARIO 

DISPLAY 

P r e c i s i o n  

P 
W 
Y 

S ide t a sks  

P 
W 
Y 

Orient  a t  i o n  

P 

A1 A2 A1 
VOR/VOR VOR/VOR VOR/DME 

___-- 

70 60 60 
70 
60 

60 74 78  
7 1  
65 

75 7 8  78 

73, 75R 
91 
70, 80R 

80 
70 
70 

A2 
VOR/DME 

P 
W 
Y 

Overa l l  

P 
W 
Y 

SWAT 

60 
7 1  
50 

70 73 80 
7 2  
70 

70 74 75 
73 
60 

70 
55 
60 

P 
W 
Y 

CH 

P 

80 
73 
7 8  

0 0 20 
0 
0 

3 !  3 3 

80 
70 
50 

70 
72  
60 

P 
W 
Y 

CH 

P 

20 
4 1  
56 

2-1/2 
4 
5 

0 0 20 
0 
0 

3 !  3 3 

e 

20, OR 
25 
46, OR 

.. 
Note - R a f t e r  r a t i n g  denotes  a r epea t  run. 

P,  W ,  and Y were t h e  t h r e e  p i l o t  s u b j e c t s .  

0 
20 
46 

24 

W 
Y 

Dl 
VOR/VOR 

2 
5 

I 

~~~ 

60 
70, 73R 
30 

73 
70, 90R 
50 
- 

80 
70, 91R 
60 

70 
90, 90R 
31 

70 
70, 9OR 
40 

35 
25.2, 5.2R 
56 

4 
2 ,  2R 
6 

I 
80, 9OR 

70, 80R 

I 

80, 85R 

80, 80R 

I 

2 
4 

2 
4,  3R 



TABLE 2. PILOT RATING DATA -- MOVING MAP DISPLAY 

7 2  
91 
80 

7 2  
7 1  
7 0  

7 2  
75  
80 

- 

Precision 

P 
W 
Y 

90 
95 
90  

86 
7 4  
5 0  

86 
7 5  
80 
- 

Sidet asks 
P 
W 
Y 

Orientation 
P 
W 
Y 

Blunders 
P 
W 
Y 

Over all 
P 
W 
Y 

SWAT 

P 
W 
Y 

CH 
P 
W 
Y 

7 4  75  
7 1  95 
7 0  80 

I- 

20 I o  

2 1 2  
2 1 2  

9/3 

Dl 

60 

7 0  

60 

80 

80 

90 

7 0  

7 0  
- 

7 0  

69 
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0 

3 

3 

D2 

6 4  
7 2  
80 

80 
7 0  
80 

80 
7 5  
80 

7 0  
7 5  
7 1  

7 2  
7 4  
80 

0 
20 
0 

3 
2 
3 
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VOR/DME and RNAV as one would expect. Apparently,  t h e  RNAV i s  s l i g h t l y  

b e t t e r  t han  VOR/DME f o r  te rmina l  area navigat ion.  The o v e r a l l  r e s u l t s  

f o r  t h e  moving map d i sp lay  i n d i c a t e  that  i t  i s  about t h e  same as VOR/DME 

and RNAV i n  terms of s u b j e c t i v e  p i l o t  workload assessment on t h e  MSRS 

scale. The f a i r  r a t i n g  given on the " a b i l i t y  t o  avoid blunders" 

(Fig.  11) i s  due t o  a tendency t o  tunnel  i n  on t h e  map, f o r g e t t i n g  t o  

c o n t r o l  a i r c r a f t  a t t i t u d e .  This  r e s u l t  w a s  a l s o  noted on a previous 

s tudy  which compared an HSI t o  a moving map d i s p l a y  (Ref. 14) .  

The moving map d i sp lay  showed less v a r i a b i l i t y  and a s l i g h t l y  

improved average sco re  i n  terms of t h e  SWAT and Cooper-Harper r a t i n g s  i n  

Figs .  1 3  and 14. The average r a t i n g s  i n d i c a t e  t h a t  a l l  of t h e  t e s t e d  

d i s p l a y s  were about the same i n  terms of t h e s e  metrics, and t h a t  a l l  

were acceptab le .  However, t h e  more s o p h i s t i c a t e d  d i s p l a y s  showed con- 

s i d e r a b l y  more cons is tency  (lower v a r i a b i l i t y )  which i s  a key considera-  

t i o n  f o r  minimizing p i l o t  e r r o r s .  

I n  t h e  fo l lowing  subsec t ion ,  w e  review t h e  p i l o t  e r r o r s  t h a t  

occur red ,  and t h e  p i l o t s '  a b i l i t y  t o  d e t e c t  such e r r o r s  before  they  

became c r i t i c a l  t o  t h e  s a f e t y  of t h e  f l i g h t .  

b. P i l o t  E r ro r s  and Er ro r  Detec t ion  

During t h e  course of t h e  experiment,  many o p p o r t u n i t i e s  f o r  naviga- 

t i o n  system input  e r r o r s  by t h e  p i l o t  were p re sen t .  Most of t h e  e r r o r s  

t h a t  a c t u a l l y  occurred i n  t h e s e  f l i g h t s  involved e i t h e r  e n t e r i n g  incor-  

rect d a t a  f o r  a waypoint, o r  p l ac ing  the nav iga t ion  system i n  a mode 

d i f f e r e n t  t han  t h e  mode intended. As an example of t h e  f i r s t  e r r o r ,  

while  prepar ing  f o r  t h e  approach a t  Hopewell, t h e  p i l o t  en te red  the d a t a  

f o r  waypoint GAMA (Fig. 9). He co r rec t ly  en te red  t h e  r a d i a l  and d i s -  

tance  informat ion ,  but  i nadve r t en t ly  en tered  t h e  r a d i o  frequency f o r  

Harcum VORTAC r a t h e r  than  t h e  Hopewell VORTAC. An example of a naviga- 

t i o n  mode s e l e c t i o n  e r r o r  occurred when t h e  p i l o t  was f l y i n g  toward an  

RNAV waypoint, but  t h e  naviga t ion  system (KNS 80) had been placed i n  t h e  

VOR mode. This had t h e  e f f e c t  of guiding t h e  a i r c r a f t  t o  t h e  VORTAC 

r a t h e r  t han  t o  t h e  d e s i r e d  waypoint. 
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I n  p rev ious  s t u d i e s ,  t h i s  t y p e  of i npu t  e r r o r  has  been a s s o c i a t e d  

with high p i l o t  workload. I n  t h e s e  f l i g h t s ,  however, t h e  same type  of 

e r r o r s  were observed during pe r iods  of very low workload. In partic- 

u l a r ,  one of t h e  waypoint e n t r y  e r r o r s  w a s  made during low workload 

enroute  c r u i s e ,  and moments l a t e r  t h e  p i l o t  made a n  u n s o l i c i t e d  comment 

about having very low workload. Such e r r o r s  are c h a r a c t e r i s t i c  of t h e  

l i n e a r  ope ra to r ,  and a r e  a w e l l  known phenomenon amongst a i r  t r a f f i c  

c o n t r o l l e r s .  That i s ,  t h e r e  is  a tendency f o r  e r r o r s  t o  occur  du r ing  

per iods of l i g h t  t r a f f i c .  The phenomenon i s  d i scussed  i n  f u r t h e r  d e t a i l  

i n  Ref. 15. 

A f e w  e r r o r s  appeared t o  be a s s o c i a t e d  wi th  us ing  a n  RNAV system t o  

f l y  VOR approaches. An RNAV approach c h a r t  shows, next t o  each way- 

po in t ,  t h e  c o r r e c t  s t a t i o n  frequency,  r a d i a l ,  and d i s t a n c e  f o r  t h a t  way- 

poin t .  The c h a r t  f o r  a VOR approach does not  use  t h a t  format f o r  t h e  

var ious  po in t s  i n  t h e  approach. For example, t h e  Hopewell approach 

c h a r t  shows t h e  GAMA waypoint on t h e  Hopewell 015 degree r a d i a l  a t  

15 miles ,  but  t h e  p i l o t  must s can  t h e  c h a r t  t o  assemble t h a t  informa- 

t i o n .  Since the  f i n a l  approach course  of 195" was dep ic t ed  near  way- 

po in t  GAMA, t h a t  number could,  and i n  f a c t  was, i nadve r t en t ly  e n t e r e d  as 

t h e  r a d i a l  t h a t  GAMA r e s i d e s  on. This sugges t s  t h a t  us ing  an RNAV 

system t o  d e f i n e  waypoints on a VOR o r  VOR/DME approach r e s u l t s  in a 

r i s k  of mis loca t ing  waypoints o r  of de f in ing  a waypoint with r e f e r e n c e  

t o  a naviga t ion  f a c i l i t y  t h a t  i s  not  approved f o r  t h e  approach. 

The p i l o t s  tended t o  quick ly  d e t e c t  and c o r r e c t  input  e r r o r s  dur ing  

these  f l i g h t s .  Most e r r o r s  were d e t e c t e d  when instrument  i n d i c a t i o n s  

d i d  not agree  wi th  p i l o t  expec ta t ions .  The p i l o t s  appeared t o  be c ross -  

checking instrument  i n d i c a t i o n s  a g a i n s t  both expected i n d i c a t i o n s  (based 

on a i r c r a f t  p o s i t i o n ) ,  and f o r  agreement wi th  o t h e r  nav iga t ion  i n s t r u -  

ment i nd ica t ions .  An example of t h e  f i r s t  cross-check occurred du r ing  

t h e  e r r o r  descr ibed  above, where t h e  p i l o t  de f ined  waypoint GAMA r e f e r -  

enced t o  Harcum VORTAC r a t h e r  t han  Hopewell VORTAC. While f l y i n g  

between Harcum and GAMA on t h e  Harcum 305 r a d i a l ,  t h e  p i l o t  a c t i v a t e d  

t h e  GAMA waypoint. The course  d e v i a t i o n  needle  would normally have 

remained cen te red ,  but showed a f u l l  s c a l e  e r r o r  due t o  t h e  waypoint 
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mislocat ion.  Th i s  a l e r t e d  t h e  p i l o t  t o  recheck t h e  d a t a ,  and t h e  e r r o r  

was qu ick ly  co r rec t ed .  

T h i s  method of e r r o r  d e t e c t i o n  has numerous impl i ca t ions .  One i s  

t h a t  less experienced p i l o t s ,  who might be fol lowing instrument  ind ica -  

t i o n s  without  a good mental p i c t u r e  of t h e  a i r c r a f t  l o c a t i o n ,  may no t  

have d e t e c t e d  many of t h e  e r r o r s .  Another i m p l i c a t i o n  i s  t h a t  when t h e  

a i r c r a f t  s i t u a t i o n ,  o r  instrument approach design,  i s  such t h a t  an  inpu t  

e r r o r  does not  cause an obvious change i n  instrument  i n d i c a t i o n s ,  t h e  

e r r o r  m y  not  be de t ec t ed .  Two examples of t h i s  occurred du r ing  t h e  

f l i g h t s .  I n  one case, t h e  a i r c r a f t  was f l y i n g  toward an RNAV waypoint. 

The waypoint was l o c a t e d  approximately on a l i n e  between t h e  a i r c r a f t  

and t h e  nav iga t ion  f a c i l i t y  t h a t  defined t h e  waypoint. The n a v i g a t i o n  

s y s t e m  should have been i n  t h e  RNAV mode, but  had i n a d v e r t e n t l y  been 

placed i n  t h e  VOR mode. This had the e f f e c t  of moving t h e  waypoint 

f a r t h e r  from t h e  a i r p l a n e ,  toward t h e  VORTAC. Because t h e  a i r c ra f t  and 

t h e  waypoint were both on a VORTAC r a d i a l ,  t h i s  e r r o r  d id  no t  a f f e c t  t h e  

d i sp layed  course dev ia t ion .  The p i l o t  even tua l ly  n o t i c e d  t h a t  t h e  wrong 

mode w a s  s e l e c t e d ,  but t h e  a i r c r a f t  had a l r e a d y  flown 4 miles p a s t  t h e  

waypoint. I n  t h e  second case, t h e  a i r c r a f t  was f l y i n g  from one VORTAC 

towards a second VORTAC, on a r o u t e  t h a t  l e a d s  t o  an ILS l o c a l i z e r  

i n t e r c e p t .  Rad ia l s  from t h e  second VORTAC were used t o  i d e n t i f y  f i x e s  

on t h e  ILS approach. The p i l o t  i n t e r c e p t e d  t h e  l o c a l i z e r  with t h e  

n a v i g a t i o n  r e c e i v e r  s t i l l  tuned t o  t h e  s t a t i o n  behind t h e  a i r c r a f t ,  w i th  

t h e  p i l o t  b e l i e v i n g  t h a t  t he  s t a t i o n  i n  f r o n t  of t h e  a i r c r a f t  had been 

s e l e c t e d .  Since t h e  a i r c ra f t  was f l y i n g  on a l i n e  between t h e  VORTAC 

s t a t i o n s ,  t h e  C D I  behaved as expected p r io r  t o  l o c a l i z e r  i n t e r c e p t .  The 

e r r o r  was d e t e c t e d  a f t e r  i n t e r c e p t  when t h e  CDI need le  d i d  no t  move i n  

t h e  expected d i r e c t i o n .  

C. P i l o t  Comments 

Many of t h e  p i l o t  comments focused on t h e  r e l a t i v e  advantages 

between us ing  VOR/VOR, VOR/DME, and moving map d i s p l a y  of a i r c r a f t  posi-  

t i o n .  The VOR/VOR nav iga t ion  mode was g e n e r a l l y  t h e  most d i f f i c u l t .  

The p i l o t s  i n d i c a t e d  t h a t  they missed t h e  DME when it was removed. 
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Reasons c i t e d  were t h a t  VOR/DME provides  a po in t  i n  space whi le  VOR/VOR 

only gives  you l i n e s  of p o s i t i o n ,  and t h a t  DME h e l p s  s o l v e  t iming prob- 

lems on approach. One p i l o t  s t a t e d  t h a t  w i th  VOR/VOR, judging  d i s t a n c e s  

i s  much more d i f f i c u l t  and t h e  p i l o t  must be more aware of t ime /d i s t ance  

r e l a t ionsh ips .  Another s t a t e d  t h a t  wi th  VOR/VOR, t h e  p i l o t  rmst "think 

and t u n e  too  much" during f l i g h t .  When t h e  VOR/DME mode was used,  com- 

ments i nd ica t ed  t h a t  t h e  DME c u t  t h e  workload dur ing  t h e  approach. 

Comments on the  moving map d i s p l a y  were very  favorable .  P i l o t s  com- 

mented t h a t  holding p a t t e r n s  were very easy wi th  t h e  map. When each 

p i l o t  f i l l e d  out  r a t i n g  forms i n  f l i g h t ,  they were r e l i e v e d  of p i l o t i n g  

d u t i e s  f o r  s e v e r a l  minutes by t h e  s a f e t y  p i l o t ,  u s u a l l y  i n  a hold ing  

p a t t e r n .  One p i l o t  i nd ica t ed  t h a t  a f te r  completing a r a t i n g  form, i t  

was mch  easier t o  assess t h e  nav iga t iona l  s i t u a t i o n  and "get  back i n  

t h e  loop" when the  map d i s p l a y  was used than when t h e  convent iona l  

instruments  were used. Enroute ,  the comments i n d i c a t e d  t h a t  good posi-  

t i o n a l  awareness could be achieved from t h e  map, and t h a t  a g r e a t  d e a l  

of p rec i s ion  w a s  not  needed. Other comments i n d i c a t e d  t h a t  o v e r a l l  

workload could be lowest wi th  the  map, i f  t h e  i n t e r f a c e  wi th  av ion ic s  

were s impler  than  i t  was wi th  t h i s  r e sea rch  system. A few comments 

ind ica ted  g r e a t e r  d i f f i c u l t y  i n  holding wind c o r r e c t i o n  angles  wi th  t h e  

map than wi th  t h e  HSI. This may be due t o  d e t a i l s  i n  t h e  format of t h e  

map tes ted .  Other comments i n d i c a t e  t h a t  t h e  map i s  a very compelling 

d i sp lay ,  and t h a t  t h e r e  is  a tendency t o  drop o t h e r ,  e s s e n t i a l  i n s t r u -  

ments from t h e  p i l o t ' s  scan. The need f o r  p i l o t s  t o  adapt  t o  t h e  map 

was brought out  by a comment t h a t  even though workload was lower wi th  

t h e  map than  with t h e  "round d i a l "  ins t ruments ,  t h e  p i l o t  f e l t  more com- 

f o r t a b l e  wi th  t h e  round d i a l  instruments .  To put  t h e  c o n t r i b u t i o n  of a 

map d isp lay  i n  t h e  pe r spec t ive  of reducing o v e r a l l  p i l o t  workload, one 

comment s t a t e d  t h a t  i f  he were t o  improve a b a s i c  av ion ic s  s u i t e ,  he 

would add a wing l e v e l e r  a u t o p i l o t  before  adding a moving map d i sp lay .  

Numerous comments were rece ived  t o  i n d i c a t e  t h a t  t h e  need t o  cont in-  

uously f l y  t h e  a i r c r a f t  w a s  a major c o n t r i b u t o r  t o  t h e  workload. The 

e f f e c t s  of adding a u t o p i l o t  func t ions  are d iscussed  i n  subsec t ion  IV.A.3 

below. 
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d. Summary of t h e  E f f e c t  of Display S o p h i s t i c a t i o n  

The p i l o t s  performed w e l l  wi th  a l l  nav iga t ion  modes t e s t e d ,  bu t  t h e  

r e s u l t s  i n d i c a t e  t h a t  t h e  nav iga t ion  t a sk  is more comfortable and less  

e r r o r  prone when HSI/DME/RMI information i s  p resen ted ,  compared t o  

elementary VOR/VOR d a t a .  A moving map d i sp l ayed  f u r t h e r  enhanced posi-  

t i o n a l  awareness. The p i l o t s  f requent ly  d e t e c t e d  e r r o r s  i n  av ion ic s  

s e t u p  when instrument  i n d i c a t i o n s  c o n f l i c t e d  wi th  expec ta t ions .  Fewer 

e r r o r s  were caught by r o u t i n e  v e r i f i c a t i o n  of a v i o n i c s  s e t t i n g s .  The 

r e s u l t s  suggest  t h a t  t h e s e  e r r o r s  i n  navigat ion av ion ic s  s e t u p  w i l l  b e  

made du r ing  both low and high workload condi t€ons.  P i l o t  comments a l s o  

sugges t  t h a t  a l a r g e  r educ t ion  i n  workload could be achieved through t h e  

u s e  of a s i m p l e  a u t o p i l o t .  

e. P r a c t i c a l  Considerat ions F o r  t h e  Design of Conventional D i sp lays  

Experiment I was conducted a t  NASA Langley i n  two phases. The pre-  

vious r e s u l t s  r e f e r  t o  t h e  second phase wherein a modern s t a t e -o f - the -  

a r t  instrument  panel  was i n s t a l l e d  i n  the Cessna 310 a i r c r a f t .  The d i s -  

p l ays  used during t h e  f i r s t  phase were o l d e r  and had some s p e c i f i c  

d e f i c i e n c i e s ,  as w e l l  as advantages,  which l e d  t o  s e v e r a l  i n t e r e s t i n g  

observat ions.  The p i l o t s  i n d i c a t e d  t h a t  t h e  s i m p l i c i t y  of some d i s p l a y s  

was e s p e c i a l l y  d e s i r a b l e .  I n  p a r t i c u l a r ,  t h e  p i l o t s  l i k e d  t h e  fo l lowing  

items on t h e  e a r l y  Cesna 310 instrument panel  (see Apppendix B) .  

The nav iga t ion  frequencies  appeared on t h e  VOR 
instrument  faces .  

The frequency c o n t r o l  knobs were on t h e  i n s t r u -  
ments. Therefore  they were f a s t e r  t o  tune than  
t h e  more s o p h i s t i c a t e d  system where t h e  frequency 
s e l e c t i o n  f o r  a l l  navigat ion and communication 
was c e n t r a l i z e d  i n  a remote loca t ion .  

Both course d e v i a t i o n  i n d i c a t o r s  were c l o s e  t o  
t h e  b a s i c  T and were easy t o  inc lude  i n  t h e  
instrument  scan. 
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S p e c i f i c  p i lo t / sys t em i n t e r f a c e  c h a r a c t e r i s t i c s  on t h e  Beech Queen- 

a i r  panel (See Appendix B) t h a t  proved undes i r ab le  f o r  SPIFR ope ra t ions  

du r ing  t h e  Phase 1 f l i g h t  test experiments  are summarized below. 

The u s e  of t h e  HSI and RMI combination allowed 
t h e  p i l o t  t o  p u t  t h e  output  of NAVl  o r  NAV2 on 
t h e  HSI or  t o  put  NAV2, o r  t h e  ADF output  on t h e  
RMI needles.  Such f l e x i b i l i t y  may be h ighly  
va luable  i n  mul t i  p i l o t  s i t u a t i o n .  However, i n  a 
s i n g l e  p i l o t  IFR environment, t h e  loss of s i m -  
p l i c i t y  with such a s y s t e m  tended t o  outweigh t h e  
advantages accrued by t h e  f l e x i b i l i t y  of rou t ing  
naviga t ion  s i g n a l s  t o  va r ious  d i sp lays .  

Cen t ra l i zed  Keyboard s e l e c t i o n  of communications 
and naviga t ion  f requencies  w a s  cons idered  t o  be 
slow and a t t e n t i o n  demanding. 

Communication frequency d i s p l a y s ,  which were 
loca ted  next t o  t h e  nav iga t ion  f r equenc ie s  on t h e  
central  p a n e l ,  requi red  v i s u a l  s e l e c t i o n  and t i m e  
t o  read,  monitor,  and check. 

The l eng th  of t h e  l i g h t  bar  on t h e  e l e c t r o n i c  
course  d e v i a t i o n  i n d i c a t o r  (ECDI) was not  as easy 
t o  i n t e r p r e t  as a mechanical needle.  

The d i g i t a l  readout  of course  on t h e  E l e c t r o n i c  
Course Deviat ion I n d i c a t o r  (ECDI) w a s  no t  con- 
s i d e r e d  t o  be near ly  as good as t h e  360 deg ana- 
l og  omni bear ing  s e l e c t o r .  Slew swi tches  used t o  
s e l e c t  headings and courses  were found t o  be 
extremely undes i r ab le ,  and i n  f a c t ,  t h e  s lew 
swi tch  on t h i s  p a r t i c u l a r  HSI made i t  less d e s i r -  
a b l e  than t h e  b a s i c  C D I s  on t h e  Cessna 310. 

f .  P i l o t  I n t e r f a c e  With Controls  and Disp lays  

During t h e  course  of Experiment I, i t  became apparent  t h a t  t h e  oper- 

a t i o n  and i n t e r p r e t a t i o n  of " soph i s t i ca t ed"  c o n t r o l s  and d i s p l a y s  w a s  a n  

over r id ingly  important  component of p i l o t  workload. This po in t  was 

e s p e c i a l l y  r e in fo rced  during a g e n e r a l  d e b r i e f i n g  he ld  a f t e r  complet ion 

of t h e  f l i g h t  tes t  experiments wherein t h e  p i l o t s  i n d i c a t e d  t h a t  s i m -  

p l i c i t y  w a s  e s p e c i a l l y  d e s i r a b l e  i n  t h e  SPIFR environment. 
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Figure  15 r e p r e s e n t s  an i n t u i t i v e  i n t e r p r e t a t i o n  of t h e  gene ra l  

r e s u l t s  ob ta ined  i n  t h i s  con t ro l /d i sp l ay  experiment.  Curve A i n  Fig. 15 

r e p r e s e n t s  the f a c t  t h a t  the workload due t o  mental  o r i e n t a t i o n  and s i d e  

t a s k  performance gene ra l ly  decreases  with i n c r e a s i n g  c o n t r o l / d i s p l a y  

s o p h i s t i c a t i o n .  However, t h e  workload a s s o c i a t e d  wi th  p i l o t  ope ra t ion  

and i n t e r p r e t a t i o n  of t h e  c o n t r o l s  and d i s p l a y s  inc reases  r ap id ly  when 

t h e  i n t e r f a c e  wi th  t h e  p i l o t  becomes complex. Th i s  is  represented  by 

Curve B i n  Fig.  15. The t o t a l  workload can (and d i d  i n  some c a s e s )  

a c t u a l l y  i n c r e a s e  wi th  more soph i s t i ca t ed  c o n t r o l s  and d isp lays .  This  

is e s p e c i a l l y  c r i t i c a l  i n  t h e  s i n g l e  p i l o t  environment where a co-p i lo t  

i s  not  a v a i l a b l e  t o  ope ra t e  t h e  more complicated c o n t r o l / d i s p l a y  config- 

u ra t ions .  Hence, t h e  a s s e r t i o n  t h a t  t h e  primary cha l lenge  f a c i n g  

des igne r s  of c o n t r o l s  and d i s p l a y s  f o r  a i r c r a f t  being used i n  t h e  s i n g l e  

p i l o t  I F R  environment is t o  improve p i l o t  i n t e r f a c e  c h a r a c t e r i s t i c s  s o  

t h a t  Curve B i n  Fig. 15 r e p r e s e n t s  a n e g l i g i b l e  component of t h e  o v e r a l l  

p i l o t  workload. The cu r ren t  s ta te  of the  a r t  i n  e l e c t r o n i c s  i s  such 

t h a t  i t  has  outpaced, by a cons iderable  margin, t h e  a b i l i t y  t o  present  

t h e  informat ion  t o  t h e  p i l o t  i n  a simple way. The message i s  c l e a r ;  t h e  

p i l o t  i n  a s i n g l e  p i l o t  IFR environment does not  have time t o  be a 

computer programmer. 

c 
0 - 
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Total Workload 

Increasing Control /Display Sophistication - 
Figure  15. I l l u s t r a t i o n  of the Tradeoff Between Mental 

Or i en ta t ion  and Side Task Performance and 
System Complexity 
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3. Results of Experiment I -- Effect of Autopilot Sophistication 

The a u t o p i l o t  experiments were conducted during t h e  Phase 1 f l i g h t  

t e s t i n g  d iscussed  a t  t h e  end of t h e  prev ious  s e c t i o n ,  and as a r e s u l t ,  

t h e  a u t o p i l o t  eva lua t ions  were conducted i n  t h e  presence of a somewhat 

degraded d i sp lay  format,  i .e.,  t h e  new Cessna 310 pane l  (Appendix B) w a s  

no t  ava i l ab le .  However, t h e  a d d i t i o n  of an  a u t o p i l o t  was found t o  more 

t h a n  compensate f o r  t h i s  degradat ion.  The gene ra l  improvement i n  t h e  

Cooper-Harper p i l o t  r a t i n g s  wi th  i n c r e a s i n g  a u t o p i l o t  s o p h i s t i c a t i o n  i s  

shown i n  Fig. 16 f o r  2 d i f f e r e n t  d i sp l ay  ConfiguraGions. I n  gene ra l ,  

increas ing  t h e  a u t o p i l o t  s o p h i s t i c a t i o n  r e s u l t e d  i n  an improved r a t i n g  

f o r  each of t h e  workload components as shown i n  Fig. 17. One no tab le  

except ion was "blunder avoidance" which w a s  a c t u a l l y  degraded i n  some 

cases  as shown i n  Fig. 17.  The tendency towards p i l o t  e r r o r  when us ing  

an au top i lo t  d id  not  seem p a r t i c u l a r l y  r e l a t e d  t o  any s p e c i f i c  d i s p l a y  

combination. For  example, t h e  Figs.  1 7  and 18 c o n t r o l / d i s p l a y  configu- 

r a t i o n s  were i d e n t i c a l  with t h e  except ion  t h a t  t h e  p i l o t  w a s  al lowed t o  

u s e  the  DME and RMI i n  Fig. 18. It seems highly  un l ike ly  t h a t  t h e  

add i t ion  of a DME o r  RMI d i s p l a y  would induce e r r o r s .  I n  f a c t ,  t h e  

e r r o r s  t h a t  occurred were more r e l a t e d  t o  manipulat ion and i n t e r p r e -  

t a t i o n  of t h e  a u t o p i l o t  con t ro l s .  Some of t hese  blunders  a r e  summarized 

a s  follows. 

* 

8 Al t i tude  Hold -- The p i l o t  engaged t h e  a l t i t u d e  
hold mode when reaching t h e  minimum descent  a l t i -  
tude  on a back course  approach. However, he 
became absorbed i n  t iming t h e  approach, checking 
l o c a l i z e r  dev ia t ion ,  and o t h e r  cockpi t  d u t i e s  and 
d id  not  add power. As a r e s u l t  t h e  a u t o p i l o t  
a t tempted t o  hold a l t i t u d e  us ing  p i t c h  a t t i t u d e  
r e s u l t i n g  i n  a l o s s  i n  a i r speed .  The p i l o t  
no t iced  t h e  e r r o r  as t h e  a i r speed  passed through 

t 
The form of t h e  m l t i p l e  scale r a t i n g  system (MSRS) was r ev i sed  

during t h e  Phase 1 and Phase 2 f l i g h t  tests. The primary d i f f e r e n c e s  
between t h e  Fig. 3 s c a l e  and t h a t  used i n  Phase 1 are ,  1 )  t h e  increments 
have been changed from 5 t o  10 and, 2) t h e  b e s t  r a t i n g s  were changed 
from low numbers t o  high numbers. The b a s i c  r e s u l t s  i n  terms of t h e  
ad jec t ives  "exce l l en t ,  good, and f a i r "  are f e l t  t o  be unchanged. 
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t h a t  t h e  blunders  
t h i s  r e p o r t ,  were 
who were f a m i l i a r  
They should n o t  
p i l o t  t r a i n i n g  or  

Displays Were HSI, E C D I ,  DME, RMT 

and immediately added t h e  
It i s  a l s o  important  t o  no te  
noted he re ,  and o t h e r  p l aces  i n  
made by experienced test p i l o t s  
wi th  t h e  a i r c r a f t  being flown. 
be a t t r i b u t e d  t o  e i t h e r  poor 
lack  of experience.  

Q The p i l o t  f lew through t h e  Bazoo i n t e r s e c t i o n  
(where he  was supposed t o  t u r n ;  see Fig. 8) while  
manipulat ing t h e  a u t o p i l o t  c o n t r o l s .  It should 
be noted t h a t  t h e  a u t o p i l o t  c o n t r o l s  were loca ted  
low on the  c e n t e r  console  r e q u i r i n g  l a r g e  head 
movements which were e s p e c i a l l y  d i f f i c u l t  when 
wearing an instrument  hood. This  is a common 
l o c a t i o n  f o r  a u t o p i l o t  con t ro l s .  By t h e  time t h e  
p i l o t  r e a l i z e d  t h a t  he had missed t h e  i n t e r s e c -  
t i o n ,  t h e  e r r o r  was s u f f i c i e n t l y  l a r g e  s o  t h a t  he  
was unable t o  i n t e r c e p t  t h e  s p e c i f i e d  inbound 
r a d i a l  and flew d i r e c t  t o  t h e  Norfolk VOR. 

0 There were numerous times when t h e  p i l o t s  t r i e d  
t o  change heading v i a  t h e  heading bug whi le  t h e  
a u t o p i l o t  w a s  i n  t h e  navigation-coupled mode. 
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This  tended t o  r e s u l t  i n  momentary confusion and 
l e d  t o  o t h e r  blunders  such a s  e r r o r s  i n  a l t i t u d e ,  
missed c l ea rances ,  etc. 

0 One HSI d i sp l ay  had a button on i t  which caused 
t h e  course  bar  on t h e  HSI t o  au tomat i ca l ly  slew 
so  t h a t  i t  pointed t o  the s t a t i o n  (an auto-RMI 
mode). On one occasion the p i l o t  a c c i d e n t a l l y  
pushed t h i s  bu t ton  whi le  t h e  a u t o p i l o t  was i n  the  
NAV coupled mode r e s u l t i n g  i n  an  abrupt  uncom- 
manded turn .  This was found t o  be d i sconce r t ing  
as i t  requi red  t h e  p i l o t  t o  " f i g h t  t h e  a u t o p i l o t  
f o r  c o n t r o l  of t h e  a i r c r a f t . "  

F igu re  19 compares t h e  average workload r a t i n g s  a c r o s s  a l l  t h e  d i sp lay  

conf igu ra t ions  t e s t e d  wi th  t h e  au top i lo t  o f f ,  and wi th  a f u l l  a u t o p i l o t  

(heading se lec t ,  a l t i t u d e  hold,  and NAV couple) .  Th i s  f i g u r e  v e r i f i e s  

t h e  suspec ted  t rend .  That i s ,  t h e  a u t o p i l o t  i s  e f f e c t i v e  i n  reducing 

a l l  a s p e c t s  of workload, except f o r  t h e  tendency toward blunders.  The 

a u t o p i l o t  i s  seen  t o  be p a r t i c u l a r l y  e f f e c t i v e  i n  improving t h e  a b i l i t y  

of t h e  p i l o t  t o  perform s i d e  tasks .  I n  a d d i t i o n ,  t h e  p i l o t ' s  o v e r a l l  

assessment of workload i s  cons iderably  improved wi th  the a d d i t i o n  of t h e  

a u t  op i l o  t . 
P i l o t  e r r o r s  t ake  a d i f f e r e n t  form wi th  and without  an a u t o p i l o t .  

Without the a u t o p i l o t  t h e  e r r o r s  tend t o  be a s s o c i a t e d  wi th  not  having 

s u f f i c i e n t  excess  mental  workload capac i ty  t o  f l y  t h e  a i r p l a n e  and per -  

form t h e  a s s o c i a t e d  s i d e  t a sks .  Typical b lunders  were: tu rn ing  t h e  

wrong way on a back course,  erroneously copying c l ea rances ,  i n a b i l i t y  t o  

f i g u r e  ou t  whether t h e  a i r c r a f t  had crossed t h e  l o c a l i z e r  o r  no t  ( p i l o t  

unable  t o  spend t h e  t i m e  requi red  t o  i n t e r p r e t  t h e  needle  d e f l e c t i o n ) ,  

excess ive  bank angle  excursions during pe r iods  of unat tended ope ra t ion ,  

excess ive  a l t i t u d e  excurs ions  (common) and, f i n a l l y ,  having problems 

f i n d i n g  t i m e  t o  perform t h e  necessary mental c a l c u l a t i o n s  such as r ec ip -  

r o c a l  headings,  ho ld ing  p a t t e r n  e n t r i e s ,  etc. These problems were con- 

s i d e r a b l y  compounded if any turbulence e x i s t e d .  With t h e  a u t o p i l o t  on,  

t h e  b lunders  tended t o  be more assoc ia ted  w i t h  o p e r a t i o n  of t h e  auto- 

p i l o t  i t s e l f .  
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AND THEIR EFFECTIVENESS FOR REDUCING WRKLOBD 

I n e  r e s u i c s  or cxperiment 1 i n d i c a t e d  t h a t  c u r r e n t  g e n e r a l  a v i a t i o n  

d i sp lays  and a u t o p i l o t s  are q u i t e  accep tab le  f o r  s i n g l e  p i l o t  IFR opera- 

t i o n s  i n  a high workload t e rmina l  area environment. These r e s u l t s  must 

be considered i n  t h e  con tex t  t h a t :  

0 There w a s  no s i g n i f i c a n t  turbulence.  

40 



Q The p i l o t s  were h ighly  t r a ined  NASA t e s t  p i l o t s .  

o There were no av ion ic s  o r  sys t ems  anomalies or  
f a i l u r e s .  

0 The test  a i r c r a f t  were of moderate complexity 
( l i g h t  twins) .  

I n  Experiment 11, a much h ighe r  workload environment was c r e a t e d  by 

adding tu rbu lence ,  s y s t e m s ,  engine ,  and av ion ic s  f a i l u r e s ,  and a h i g h l y  

complex turboprop a i r c r a f t  (Beech Super King Air ) .  The s u b j e c t  p i l o t s  

were a l l  w e l l  t r a i n e d ,  having r e c e n t l y  completed recur rency  t r a i n i n g  a t  

F l i g h t  Sa fe ty  I n t l .  The tests were conducted on t h e  Beech King A i r  

t r a i n i n g  s imula to r  a t  F l i g h t  S a f e t y ' s  Long Beach, CA f a c i l i t y .  An 

experienced i n s t r u c t o r  opera ted  t h e  s imula tor ,  performed ATC f u n c t i o n s ,  

and i n i t i a t e d  systems f a i l u r e s  a s  required by s c r i p t e d  scena r ios .  Five 

s c e n a r i o s  were developed which involved r ev i sed  c l ea rances ,  weather 

problems, systems and engine f a i l u r e s ,  i c i n g  cond i t ions ,  and moderate 

turbulence.  The scena r ios  a r e  given i n  Appendix C. 

The Experiment I1 tes ts  were conducted i n  two phases.  The f i r s t  

phase was t o  determine t h e  workload l e v e l  of each s c e n a r i o  w i t h  and 

without a competent co-pi lot .  I n  t h e  second phase,  w e  s y s t e m a t i c a l l y  

removed c e r t a i n  co-p i lo t  func t ions  i n  an e f f o r t  t o  determine a ranking 

which could be employed t o  estimate t h e  value of automated f u n c t i o n s  f o r  

t h e  SPIFR cockpi t .  

2. Phase 1 - Co-pilot P r e s e n t  or N o t  Present 

The Multiple-Scale-Rating-System r e s u l t s  f o r  t h i s  phase of t h e  

experiment are shown i n  Fig. 20. These s c o r e s  are  averaged a c r o s s  a l l  

f i v e  s c e n a r i o s ,  and r ep resen t  two subjec t  p i l o t s ,  a l though no t  a l l  com- 

b i n a t i o n s  were flown by both p i l o t s .  To put  t h e s e  r e s u l t s  i n  con tex t ,  

cons ider  t h e  d iv ided  a t t e n t i o n  t a sks  and environmental  cond i t ions  

inc luded  i n  t h e  scenar ios .  

0 Turbulence and seve re  i c ing .  

0 Engine f a i l u r e  on t a k e o f f ,  or enroute .  
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Figure 20. S ing le  P i l o t  vs. Co-pilot i n  Presence of F a i l u r e s ,  
Turbulence,  and I c i n g  -- MSRS Workload Sca le  

Q Problems r e q u i r i n g  mandatory shutdown of an  
engine (ch ip  l i g h t  o r  o i l  low p r e s s u r e )  followed 
sometime la te r  by f a i l u r e  of t h e  ope ra t ing  
engine ,  r equ i r ing  t h a t  t h e  f i r s t  engine be 
r e s t a r t e d .  

Q I n v e r t e r  f a i l u r e  which slowly caused t h e  HSI 
heading t o  read erroneously.  

0 Landing gear f a i l u r e  r e q u i r i n g  manual opera t ion .  

0 Poor weather r e q u i r i n g  s e l e c t i o n  of an a l t e r n a t e  
based on s e v e r a l  marginal  a l t e r n a t i v e s .  

8 Revised c learances .  

These f a i l u r e s  r ep resen t  t h e  h i g h e s t  d iv ided  a t t e n t i o n  workload 

environment t h a t  could poss ib ly  be expected,  with t h e  except ion  t h a t  t h e  
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I 

s i t u a t i o n  w a s  not  l i f e  t h rea t en ing  i n  t h e  s imula tor .  The MSRS r a t i n g s  

of "good" i n  Fig. 20 i n d i c a t e  t h a t  opera t ions  with a competent co-p i lo t  

are  s a f e  as can be expected under such severe  condi t ions .  Not sup r i s -  

i n g l y ,  t h e  r a t i n g s  are "fair-to-poor" without a co-p i lo t .  The Cooper- 

Harper (CH) and Modified Cooper-Harper (MCH) r a t i n g s  e x h i b i t  t h e  same 

t r end  as shown i n  Fig. 21a. The SWAT t r e n d s  are less pronounced 

(Fig. 21b). Th i s  i s  c o n s i s t e n t  with the  Experiment I r e s u l t s  where t h e  

SWAT scale exh ib i t ed  a r a t h e r  poor  s e n s i t i v i t y  t o  workload. 

Procedures  and t iming were s u f f i c i e n t l y  v a r i a b l e  t h a t  a p i l o t  could 

f l y  the  same scena r io  s e v e r a l  times while s t i l l  r e t a i n i n g  much of i t s  

o r i g i n a l  novel ty .  Futhermore, care was taken  t o  f l y  a given s c e n a r i o  

f i r s t  wi th  a co-p i lo t ,  then s i n g l e  p i l o t  s o  t h a t  any l ea rn ing  e f f e c t s  
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Figure  21. Subjec t ive  Workload Assessment Scores  With and Without 
a Co-pilot -- Average Across A l l  Scenar ios  
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A four  axis a u t o p i l o t  was always a v a i l a b l e ,  and was used near ly  f u l l  

t ime by a l l  of t h e  test s u b j e c t s .  However, i n  some s i t u a t i o n s ,  t h e  

a u t o p i l o t  mode s e l e c t i o n  i n t e r f a c e  was clumsy and too  slow, and t h e  

p i l o t  temporar i ly  disengaged t h e  a u t o p i l o t .  This  u s u a l l y  occurred i n  a 

holding pa t t e rn .  

Phase 2. Systematic Variation of Co-pilot Functions 

Each of t he  p i l o t s  i n  Phase 1 were asked t o  l i s t  t h e  func t ions  p e r -  

formed by t h e  co-pi lot  t h a t  were h e l p f u l  i n  reducing d iv ided  a t t e n t i o n  

workload. The func t ions  common t o  a l l  s c e n a r i o s ,  and which were f e l t  t o  

be most  s i g n i f i c a n t ,  were as fol lows.  

A .  Communications 

B. Navigat ion 

C. Normal and emergency c h e c k l i s t  
items and a l t i t u d e  c a l l s  

D. Copy and readback of c l ea rance  

All of the  sub jec t  p i l o t s  f e l t  t h a t  a c t i v e  c o n t r o l  of t h e  a i r c r a f t  

should be r e t a i n e d  by t h e  pilot-in-command, a r e s u l t  t h a t  shoa ld  be 

taken i n  t h e  contex t  t h a t  t h e  a u t o p i l o t  was e s s e n t i a l l y  a lways  engaged. 

The o b j e c t i v e  of t h e  remainder of t h e  t es t  was t o  determine t h e  

ranking and r e l a t i v e  importance of each of t h e s e  func t ions .  While i t  

would be d e s i r a b l e  t o  have a sample  s i z e  of t h r e e  o r  fou r  p i l o t s ,  t h e r e  

were i n s u f f i c i e n t  resources  t o  u t i l i z e  more than one p i l o t  f o r  t h i s  

phase. 

In  a d d i t i o n  t o  t h e  s u b j e c t i v e  workload measures (Sec t ion  III), 
observed p i l o t  e r r o r s  (OPER) were noted and logged by t h e  experimentor ,  

and a r e a c t i o n  t i m e  experiment was added t o  t h e  tes t  i n  an a t t e m p t  t o  

incorpora te  a q u a n t i t a t i v e  workload measure. A green l i g h t  was 

i n s t a l l e d  on t h e  l e f t  s i d e  of t h e  g l a r e  s h i e l d ,  and t h e  p i l o t  s u b j e c t  

was i n s t r u c t e d  t o  t u r n  off t h i s  l i g h t  each t i m e  it came on with a b u t t o n  

mounted on t h e  c o n t r o l  yoke. The observer /experimenter  manually 

i n j e c t e d  r e a c t i o n  t i m e  "probes" by t r i g g e r i n g  a microcomputer a t  des ig-  

44 



nated  high workload p o i n t s  i n  t h e  scenario.  Each scena r io  c a r r i e d  from 

10 t o  20 r e a c t i o n  t i m e  probes,  depending upon t h e  speed a t  which i t  was 

accomplished and procedura l  choices  l e f t  t o  t h e  p i l o t ' s  d i s c r e t i o n .  

Following completion of t h e  scenar io ,  t h e  p i l o t  was debr i e fed  and 

asked t o  f i l l  ou t  a r a t i n g  s c a l e  ba t te ry  c o n s i s t i n g  of MSRS, CH, MCH, 

and SWAT (see Sec t ion  111). Peak, mean, and a series of m u l t i p l e  

r e g r e s s i o n  ana lyses  were performed. 

3. Results 

a. Equivalence of Workload Scenar ios  

A r e g r e s s i o n  a n a l y s i s  was conducted t o  tes t  f o r  d i f f e r e n c e s  i n  d i f -  

f i c u l t y  among t h e  5 scena r ios  used. An a n a l y s i s  of var iance  (ANOVA) f o r  

t h i s  r e g r e s s i o n  a c r o s s  a l l  s u b j e c t i v e  workload scales ind ica t ed  t h a t  t h e  

f i v e  scena r ios  d i d  not  d i f f e r  s i g n i f i c a n t l y  from one another .  This  

allowed t rea tment  of t h e  f i v e  scena r ios  as equ iva len t  i n  f u r t h e r  analy- 

ses, and v e r i f i e s  t h e  experimental  procedure. 

b. Ranking of Co-pilot  Funct ion 

A r e g r e s s i o n  a n a l y s i s  was performed t o  rank t h e  va r ious  co-p i lo t  

func t ions  i n  o rde r  of t h e i r  e f f e c t  on o v e r a l l  workload. The co-p i lo t  

f u n c t i o n  was t r e a t e d  as a dependent va r i ab le ,  and w a s  regressed  a g a i n s t  

a l l  of t h e  workload measures with t h e  rank o rde r  r o t a t e d  t o  maximize t h e  

F r a t i o  of t h e  ANOVA. This  r e s u l t e d  i n  a l a r g e  F r a t i o  (F = 84.7) which 

i n d i c a t e s  t h a t  t h e  d i f f e r e n t  func t ions  of t h e  co-p i lo t  had a s t r o n g  

e f f e c t  on workload ac ross  v i r t u a l l y  every r a t i n g  scale. The r e s u l t s  of 

t h e  above noted A through D co-p i lo t  func t ions ,  as w e l l  as t h e  l i m i t s  of 

no co -p i lo t ,  and a f u l l y  capable  co-pilot  were ranked as fo l lows  from 

lowest t o  h i g h e s t  workload. 

1. f u l l y  capable  co-p i lo t  

2. remove func t ion  D - copy and/or read back clear- 
ances  

3. remove f u n c t i o n  B - naviga t ion  
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4.  remove function C - normal and emergency check-list 
items and altitude calls 

5.  co-pilot absent 

6 .  remove function A - communications 

A s  expected, a fully capable co-pilot has the most favorable effect on 

reduction of workload. There is really no plausible explanation for the 
fact that a co-pilot without communications capability (he was allowed 

to talk to the pilot) was rated worse than no co-pilot at all, and this 

is considered a statistical artifact (probably due to the small sample 

size of one). It might be conjectured, however, that having a co-pilot 
that won’t communicate with ATC is sufficiently frustrating so as to 

make the workload higher than it would be with no co-pilot. 

The above ranking also derives from taking the average of all the 

workload ratings (MSRS, MCH, CH, SWAT) and plotting that vs. co-pilot 

function as shown in Fig. 22. These results indicated that the six 

chosen co-pilot functional states represent an approximately linear 

function of workload. More pilot subjects would be required to 
determine whether this result is an experimental anomaly, or actually 
represents a valid finding. Of greater interest however, was the 

finding that copying clearances and navigation functions played a 

relatively minor role, and that communications with ATC was the 
predominant role of the co-pilot in reducing workload. These results 

imply that the pursuit of data uplinks would have a significant payoff 

in terms of workload reduction in the SPIFR cockpit. Support for this 

important result can be found in Ref. 16, which is summarized in 
Appendix A, Section H. Indeed, the experimental results shown in Fig. 

A-9 indicate that a large reduction in workload occurred (equivalent to 

adding a co-pilot), when an automated data link was included in the 

SPIFR cockpit. In addition, the results of a questionnaire in Ref. 15 

* 

*The MSRS was inverted for this calculation so 10 was the highest 
workload and 1 the lowest. This was done for consistency with the CH 
and MCH scales. 
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Figure  22. Co-pilot Functions VS. Workload 

i n d i c a t e d  t h a t  t h e  primary value of a co-pi lot  i s  t o  handle  " r ad io  work" 

(communications). 
I 

c. MultiDle Scale Rat ing Sustem (MSRS) R e s u l t s  

Of t h e  f i v e  MSRS dimensions of workload, t h e  " a b i l i t y  t o  avoid 

blunders"  ( s c a l e  number f o u r )  showed the s t r o n g e s t  c o r r e l a t i o n  wi th  co- 

p i l o t  f u n c t i o n  (R = 0.79) as can be seen from a comparison of t h e  d a t a  

wi th  t h e  r eg res s ion  l i n e  i n  Fig. 23. S imi l a r ly ,  t h e  da t a  p o i n t s  repre-  

s e n t i n g  MSRS scale number 1 (p rec i s ion )  shows t h e  poorest  c o r r e l a t i o n  

wi th  co-p i lo t  func t ion  (R = 0.63). This r e s u l t  i s  c o n s i s t e n t  with t h e  

small workload increment a t t r i b u t e d  t o  nav iga t ion  as a co-p i lo t  func t ion  

( see  Fig.  22) .  
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Figure  2 3 .  MSRS Regression With Co-pilot  Funct ion  

d. Cooper-Harper (CH), Modified Cooper-Harper (MCH), SWAT, 
and Observer P i l o t  E r r o r  Rat ing  R e s u l t s  

The CH, MCH, and OPER r e g r e s s i o n  l i n e s ,  and raw d a t a  p o i n t s ,  are 

p l o t t e d  i n  Fig. 2 4 ,  and t h e  t h r e e  components of SWAT are p l o t t e d  separ -  

a t e l y  i n  Fig. 25 .  Clea r ly  t h e  most robus t  of t h e s e  scales was t h e  MCH 

(R = 0.85), whi le  t h e  CH c o r r e l a t e d  somewhat less a t  0.66 wi th  co -p i lo t  

funct ion.  

The only element of t h e  SWAT t o  show a s i g n i f i c a n t  c o r r e l a t i o n  w i t h  

co-pi lot  func t ion  was t h e  Mental E f f o r t  dimension (Fig.  2 5 )  which i s  

c o n s i s t e n t  wi th  t h e  dominant r o l e  played by c h e c k l i s t s  and 

communications func t ions  (Fig.  2 2 ) .  As with  Phase 1 of t h i s  s i m u l a t i o n ,  

and the Experiment I f l i g h t  tes ts ,  t h e  SWAT scale  e x h i b i t s  a l ack  of 

s e n s i t i v i t y  t o  workload r e l a t i v e  t o  t h e  o t h e r  s u b j e c t i v e  workload 

sca l e s .  

The observer  p i l o t  e r r o r  r a t i n g s  (OPER) showed a reasonably good 

c o r r e l a t i o n  (R = 0.74)  with  co-p i lo t  func t ions .  This  i s  reasonably con- 

s i s t e n t  w i th  t h e  MSRS scale number f o u r  ( a b i l i t y  t o  avoid b lunders )  

which showed a c o r r e l a t i o n  of 0.79, i n d i c a t i n g  t h a t  t h e  p i l o t ' s  assess- 

ment of e r r o r  avoidance ag rees  reasonably w e l l  w i t h  h i s  performance. 
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Figure  26. Co-pilot Funct ion VS. React ion Time 

e. Reaction Time Resu l t s  

The r e a c t i o n  t i m e  r e s u l t s  are shown i n  Fig. 26 and are seen  t o  be 

h igh ly  va r i ab le .  The peak r e a c t i o n  t i m e  e x h i b i t s  b e t t e r  performance 

(R = 0 . 5 3 4 )  than  t h e  average,  a l though n e i t h e r  i s  very impressive as a 

workload metric.  This i s  c o n s i s t e n t  with t h e  r e s u l t s  of Ref. 1 7 ,  

wherein similar techniques t o  q u a n t i f y  "spare mental capacity" d i d  no t  

show s e n s i t i v i t y  t o  inc reas ing  workload. 
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SECTION V 

CONCLUSIONS 

A. 

B. 

C. 

ANALYTICAL DIVIDED ATIXNTION PILOT MIDEL 

The h ighly  s t r e s s e d  human ope ra to r  can only tend t o  one 
i t e m  a t  a t i m e  i n  a divided a t t e n t i o n  t a s k  environment. 

0 Short-term memory tends  t o  be wiped out  by an o v e r r i d i n g l y  
important  piece of information. 

FLIGHT TEST EXPERIMENTS WITHOUT FAILURES -- EXPERIMENT I 

Dual VOR without DME or RNAV is  marginal (high workload) 
f o r  SPIFR opera t ions .  

Adding DME he lps  and R N A V . i s  b e t t e r .  

A moving map d i sp lay  aids  i n  mental o r i e n t a t i o n ,  but  has  
inhe ren t  d e f i c i e n c i e s  as a s t and  a lone  replacement f o r  a n  
HSI 

Slewing c o n t r o l s  were not s a t i s f a c t o r y  i n  t h i s  experiment. 

c e n t r a l i z e d  nav iga t ion  frequency s e l e c t i o n  was less favor-  
a b l e  than  d i s t r i b u t e d  information (on t h e  f a c e  of t h e  navi- 
g a t i o n  d i sp lay ) .  

Autopi lot  func t ions  were h ighly  e f f e c t i v e  f o r  reducing 
p i l o t  workload i n  t h e  SPIFR environment. 

P i l o t  blunders  occurred a t  t h e  same rate  wi th  and wi thout  
an a u t o p i l o t ,  a l though t h e  na tu re  of t h e  e r r o r s  w a s  
d i f f e r e n t .  

SIMULATION EXPERIMENT INCLUDING THE EFFECTS OF FAILUBES -- 
EXPERIMENT I1 

33 Extremely high workload s i t u a t i o n s  were adequately handled 
with a competent co-pilot .  

1 The importance of co-pilot func t ions ,  from most t o  l eas t ,  
were, 

1. communications wi th  ATC. 

2. accomplishment of normal and emergency c h e c k l i s t s ,  

3. naviga t ion .  

4. copying and reading  back c learances .  

and a l t i t u d e  cal ls .  
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' J  The Mul t ip l e  S c a l e  Ra t ing  System and Modified Cooper-Harper 
s u b j e c t i v e  workload scales c o r r e l a t e d  b e s t  wi th  v a r i a t i o n s  
i n  co-p i lo t  func t ion .  

'f The Sub jec t ive  Workload Assessment Technique (SWAT) was 
r e l a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  workload i n  t h i s  
Study. 
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APPENDIX A 

REVIEW AND INTERPRETATION OF EXISTING DATA 

A l a r g e  amount of exper imenta l ,  a n a l y t i c a l ,  and human f a c t o r s  d a t a  

r e l a t e d  t o  t h e  s i n g l e  p i l o t  TFR problem was reviewed. S p e c i f i c  i n t e r -  

p r e t a t i o n s  of some of t h e  more s i g n i f i c a n t  r e s u l t s  are d i scussed  i n  t h i s  

appendix. 

A. CONVENTIONAL AUTOPILOT 

The e f f e c t  of increased  a u t o p i l o t  s o p h i s t i c a t i o n  f o r  workload r e l i e f  

w a s  s tud ied  i n  a comprehensive p i l o t  s imula t ion  program a t  t h e  NASA 

Langley Research Center. The s imula t ion  included a v i s u a l  a t tachment  

which allowed t h e  p i l o t  s u b j e c t s  t o  land  o r  execute  a missed approach 

depending on where t h e  c e i l i n g  w a s  se t  by t h e  researcher .  This element 

of rea l i sm i s  f e l t  t o  have added cons ide rab le  c r e d i b i l i t y  t o  t h e  Ref. 18 

r e s u l t s .  These r e s u l t s  are summarized i n  Figs.  A-1 and A-2. The s i d e  

t a s k s  noted i n  Fig. A-1 cons i s t ed  of so lv ing  s imple  t i m e ,  speed,  and 

d i s t ance  problems on an E6B type  nav iga t ion  computer. The i m p l i c i t  

assumption made was t h a t  t h e  number of s i d e  t a s k  problems t h a t  could be  

completed was a measure of t h e  workload of t h e  primary task .  That i s ,  a 

p i l o t  ope ra t ing  i n  a low workload environment would have t i m e  t o  com- 

p le te  a greater number of s i d e  t a s k s  than  when ope ra t ing  i n  a very h igh  

workload environment. This  i s  c o n s i s t e n t  wi th  t h e  Fig.  2 p i l o t  workload 

model where t h e  s i d e  t a s k  problems are intended t o  r ep lace  many of t h e  

p i l o t  func t ions  t h a t  cannot be e a s i l y  s imula ted ,  i .e.,  d e c i s i o n  making, 

ATC communications, f a i l u r e  d e t e c t i o n ,  and a i r c r a f t  systems 

management. The unknown f a c t o r  i n  t h i s  approach is  t h e  l a c k  of 

compelling cues t o  a t t e n d  t o  a s p e c i f i c  func t ion .  For  example, a p i l o t  

i s  s t rongly  motivated t o  read back an ATC c lea rance  even i f  i t  

i n t e r r u p t s  some o t h e r  t a s k  which i n  f a c t  may be more important.  

Nonetheless,  t he  s o l u t i o n  of math problems as a s i d e  t a s k  i s  a w e l l  

known t o o l  f o r  workload assessment and i s  f e l t  t o  provide va luab le  

in s igh t .  
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The experimental  resu l t s  shown i n  Fig. A-1 i n d i c a t e  t h a t  t h e  

add i t ion  of a wing l e v e l e r  and a heading select  mode allowed t h e  p i l o t  

t o  comple te  a s i g n i f i c a n t l y  g r e a t e r  number of s i d e  t a s k  problems. 

However, f u r t h e r  a u t o p i l o t  s o p h i s t i c a t i o n  had a n e g l i g i b l e  e f f e c t  on 

workload, a t  l eas t  i n  terms of completing s i d e  tasks .  

The p i l o t  s u b j e c t s  i n  t h e  Ref. A-1 experiment were a l s o  asked t o  

make sub jec t ive  r a t i n g s  of t h e i r  workload on a scale of 1 t o  7 w i t h  

1 designated a s  t he  e a s i e s t  and 7 as t h e  most d i f f i c u l t  ( s ee  Fig. A- 

2 ) .  The use  of t h i s  s u b j e c t i v e  workload scale produced similar resu l t s  

t o  tha t  noted i n  Fig. A-1; t h a t  i s ,  t h e  a d d i t i o n  of a wing l e v e l e r  and 

heading select  mode showed s i g n i f i c a n t  r educ t ions  i n  p i l o t  workload. 

The add i t ion  of course coupl ing is seen  t o  r e s u l t  in no s i g n i f i c a n t  

change i n  t h e  p i l o t s  s u b j e c t i v e  assessment of workload. Unlike t h e  

Fig. A-1 s i d e  t a s k  r e s u l t s ,  a l t i t u d e  hold d i d  produce a n o t i c e a b l e  

improvement i n  t h e  p i l o t ' s  assessment of workload. This  r e s u l t  probably 

i n d i c a t e s  t h a t  t h e  p i l o t s  spent  more of t h e i r  t i m e  on func t ions  o t h e r  

t h a n  the problem so lv ing  s i d e  t a s k  when t h e  a l t i t u d e  hold mode w a s  being 

u t i l i z e d .  

The lack  of s u b s t a n t i a l  s u b j e c t i v e  workload r a t i n g  r educ t ion  wi th  

inc reas ing  a u t o p i l o t  s o p h i s t i c a t i o n  i s  c o u n t e r - i n t u i t i v e  and appears  t o  

b e  pr imari ly  a s soc ia t ed  wi th  t h e  tendency f o r  t h e  p i l o t s  t o  make more 

frequent  e r r o r s  when ope ra t ing  i n  t h e  a u t o p i l o t  mode. The instrument  

approach t a s k s  used i n  t h i s  experiment r equ i r ed  cons iderable  p i l o t  

i n t e r a c t i o n  with the  a u t o p i l o t  c o n t r o l s  as he o r  she  progressed through 

t h e  var ious segments of t h e  approach. In some cases  t h e  p i l o t  b lunders  

could be d i r e c t l y  a s soc ia t ed  wi th  i n a p p r o p r i a t e  ope ra t ion  of t h e s e  

con t ro l s ,  i .e.,  such as t r y i n g  t o  s e l e c t  a new heading when ope ra t ing  i n  

t h e  course coupled mode, e t c .  I n  o t h e r  cases t h e  p i l o t s  appeared t o  

become so absorbed i n  ope ra t ing  t h e  a u t o p i l o t  t h a t  they became mental ly  

d i so r i en ted  and i n  one case  a c t u a l l y  l e t  down on t h e  outbound course of 

a n  NDB approach ( s e e  Ref. 18 f o r  d e t a i l s ) .  The apparent  lack  of mental 

o r i e n t a t i o n  when ope ra t ing  with a s o p h i s t i c a t e d  a u t o p i l o t  w a s  p a r t i c u -  

l a r l y  puzz l ing  i n  view of t h e  f a c t  t h a t  l i t t l e  o r  no t i m e  i s  r equ i r ed  t o  

maintain c o n t r o l  of t h e  a i r c r a f t .  Based on t h e  Fig.  2 workload model i t  

58 



would seem t h a t  t h e  a u t o p i l o t  would allow a d d i t i o n a l  t i m e  t o  be spen t  on 

mental o r i e n t a t i o n .  This ,  i n  f a c t ,  appears t o  be the  case  f o r  t h e  more 

b a s i c  func t ions  (i.e.,  a i r c r a f t  cont ro l )  i n  terms of t h e  Figs .  A-1 and 

A-2 met r i c s  but  does not exp la in  t h e  apparent l ack  of mental o r i e n t a t i o n  

when ope ra t ing  i n  t h e  more soph i s t l ca t ed  a u t o p i l o t  modes. The r e s u l t s  

of t h e  experimental  t e s t i n g  conducted i n  t h e  p re sen t  r e sea rch  sugges t  

t h a t  t h e  i n t e r f a c e  between the  p i l o t  and t h e  c o n t r o l s  and d i s p l a y s  p l ays  

an  o v e r r i d i n g l y  important p a r t  i n  p i l o t  workload. That i s ,  having 

s o p h i s t i c a t e d  a u t o p i l o t  modes may a c t u a l l y  i n c r e a s e  t h e  tendency towards 

b lunders  i f  t h e  i n t e r f a c e  with t h e  p i l o t  i s  not  very c a r e f u l l y  worked 

out.  

One o t h e r  p o s s i b l e  explana t ion  f o r  t h e  tendency f o r  increased  p i l o t  

b lunders  with s o p h i s t i c a t e d  a u t o p i l o t s  i s  o f f e r e d  i n  Ref. 19 which 

s t u d i e s  t h e  planning behavior  of p i l o t s  i n  normal, abnormal, and emer- 

gency s i t u a t i o n s .  The Ref. 19 experiment u t i l i z e d  a f i x e d  base simu- 

l a t o r  r ep resen t ing  a corpora te  j e t  a i r c r a f t  ( t h e  H F B - 3 2 0 ) .  I n  t h a t  

s tudy  it was found t h a t  t h e  a v a i l a b i l i t y  of an  a u t o p i l o t  r e s u l t e d  i n  

decreased  planning dur ing  scena r ios  where c l ea rance  changes were 

r equ i r ed  due t o  abnormal s i t u a t i o n s  such as snow on the  runway, e t c .  

The r ev i sed  c l ea rance  usua l ly  r e s u l t e d  i n  a t r a n s i t i o n  t o  a hold ing  p a t -  

t e r n  which w a s  executed f o r  3 complete cyc le s  before  t h e  approach was 

made. The low l e v e l  of planning observed wi th  an  a c t i v e  a u t o p i l o t  may 

i n d i c a t e  a sense  of complacency among p i l o t s  when execut ing  "s tandard 

procedures" i n  t h e  a u t o p i l o t  mode. It i s  no t  c l e a r  a t  t h i s  t i m e  whether 

complacency ( see  f o r  example, Ref. 15)  o r  c o n t r o l / d i s p l a y  problems are 

p r i m a r i l y  r e spons ib l e  f o r  t h e  apparent i n a b i l i t y  of a u t o p i l o t s  t o  

decrease  t h e  tendency towards blunders.  

B. ADVANCED AUTOPIJBT 

Subsequent t o  t h e  Ref. 18 a u t o p i l o t  s tudy ,  a complementary r e sea rch  

program was i n i t i a t e d  a t  NASA Langley t o  i n v e s t i g a t e  t h e  concept of a n  

au tomat ic  t e rmina l  approach system ( A T A S ) .  The primary o b j e c t i v e  of 

t h i s  r e sea rch  was t o  determine i f  increased automation would reduce t h e  

tendency toward blunders  noted i n  t h e  convent iona l  a u t o p i l o t  study of 
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Ref. 4. I n  essence,  ATAS performed t h e  p i l o t  i n t e r a c t i v e  f u n c t i o n s  

au tomat ica l ly ,  removing t h e  n e c e s s i t y  f o r  mode swi tch ing ,  s e t t i n g  

heading and course bugs, and nav iga t ion  f requencies .  The ATAS s t o r e d  

a l l  instrument approach d a t a  and used t h e  d a t a  t o  au tomat i ca l ly  f l y  t h e  

approach by tun ing  t h e  naviga t ion  r a d i o s  and c o n t r o l l i n g  t h e  a u t o p i l o t .  

The ATAS was eva lua ted  on t h e  same NASA Langley gene ra l  a v i a t i o n  

research  s imula to r  as used i n  t h e  Ref. 18 a u t o p i l o t  s tudy and used many 

of t h e  same p i l o t  s u b j e c t s  as w e l l .  These r e s u l t s  are shown i n  Fig.  A-3 

where the ATAS i s  compared t o  a convent iona l  a u t o p i l o t  i n  t h e  heading 

s e l e c t  mode. The i n i t i a l  and f i n a l  p o r t i o n  of t h e  approaches were 

p l o t t e d  s e p a r a t e l y  t o  i n v e s t i g a t e  t h e  e f f e c t  of t h e  d i f f e r e n t  n a t u r e  of 

t h e s e  t a sks  (maneuvering and t r a c k i n g  VS. pure t r a c k i n g  r e s p e c t i v e l y ) .  

A s  would be expected, t h e  p i l o t s  were a b l e  t o  perform a g r e a t e r  number 

of s i d e t a s k s  when r e l i e v e d  of t h e  n e c e s s i t y  f o r  s e t t i n g  up a u t o p i l o t  

func t ions  throughout t h e  approach. However, p i l o t  commentary and per- 

formance i n d i c a t e d  t h a t  whi le  t h e  concept of a f u l l y  automatic  approach 

seemed v a l i d ,  i n t e r f a c e  problems between t h e  p i l o t  and ATAS r e s u l t e d  i n  

a s u b s t a n t i a l  number of blunders .  General  sugges t ions  t o  improve t h e  

i n t e r f a c e  were noted during t h e  s tudy and are summarized below. 

0 More prompting t o  adv i se  the p i l o t  of system 
s t a t u s  as w e l l  as a c t i o n s  requi red .  

0 Improve ATAS/autopilot hardware i n t e r f a c e .  

c Consol idate  ATAS and a u t o p i l o t  con t ro l s .  

:.r Display a i r c r a f t  p o s i t i o n  with respect t o  a i r p o r t  
cont inuously . 

One comment made by a s u b j e c t  p i l o t  summarizes t h e  s i t u a t i o n ,  "ATAS 

works f i n e  once every th ing  i s  i n  automatic ,  but  t h e  t r a n s i t i o n  from a l l  

o f f  t o  f u l l  automatic  i s  awkward." Other commentary which suppor t  t h i s  

genera l  conclusion were 

': "The ATAS does n o t  seem ' f r i e n d l y , '  needs more 
p romp t i ng . 

Q "Would l i k e  t o  have one bu t ton  t h a t  w i l l  set up 
every th ing  i n  automatic." 
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C. STABILITY A U M N T A T I O N  

S t a b i l i t y  augmentation i s  u t i l i z e d  when i t  i s  d e s i r e d  t o  modify t h e  

b a s i c  a i r c r a f t  response t o  c o n t r o l  i n p u t s  and/or  tu rbulence .  The p r i -  

mary d i f f e r e n c e  between a s t a b i l i t y  augmentor and an  a u t o p i l o t  i s  t h a t  

t h e  s t a b i l i t y  augmentor moves t h e  aerodynamic c o n t r o l s  t o  modify t h e  

a i r c r a f t  response without  any apparent  motion of t h e  cockpi t  con t ro l s .  

The a u t o p i l o t ,  of course ,  moves t h e  cockp i t  c o n t r o l s  and aerodynamic 

con t ro l s  s imultaneously.  Hence, wi th  an a u t o p i l o t  i t  is  necessary t o  

f l y  the  a i r c ra f t  through t h e  a u t o p i l o t  c o n t r o l s  (heading and cour se  

s e l e c t  knobs, e t c . )  whereas i n  t h e  case  of a s t a b i l i t y  augmentor, i t  i s  

poss ib l e  t o  f l y  t h e  a i r c r a f t  through t h e  normal c o n t r o l s  whi le  en joying  

t h e  b e n e f i t s  of improved s t a b i l i t y  ( s e e  Ref. 6 f o r  a more d e t a i l e d  d i s -  

cuss ion  of t h i s ) .  P i l o t  comments obta ined  dur ing  t h e  f l i g h t  tes t  por- 

t i o n  of t h i s  con t ro l /d i sp l ay  r e sea rch  i n d i c a t e d  t h a t  t h i s  would be a 

d e s i r a b l e  f e a t u r e  i n  t h a t  t h e  s tandard  a i r c r a f t  c o n t r o l s  are f e l t  t o  be 

more "fr iendly" than  knobs and but tons.  

An eva lua t ion  of t h e  handl ing q u a l i t i e s  of seven gene ra l  a v i a t i o n  

a i r c r a f t  was conducted a t  t h e  NASA Dryden F l i g h t  Research Center  (see 

Ref. 20).  I n  t h i s  s tudy ,  s e v e r a l  q u a l i f i e d  test p i l o t s  eva lua ted  t h e  

handling q u a l i t i e s  of gene ra l  a v i a t i o n  a i r c r a f t  i n  VFR and s imula ted  I F R  

condi t ions  with var ious  l e v e l s  of a tmospheric  d i s tu rbances .  The conclu- 

s i o n s  of t h e s e  p i l o t s  were t h a t  t h e  handl ing q u a l i t i e s  of t h e s e  a i r c r a f t  

as a c l a s s  were good t o  accep tab le  f o r  ins t rument  f l i g h t  i n  smooth a i r ,  

but  f e l l  i n t o  t h e  acceptab le  t o  u n s a t i s f a c t o r y  range when ope ra t ing  i n  

moderate levels of tu rbulence .  It would t h e r e f o r e  be expected that  the 

u s e  of s t a b i l i t y  augmentation t o  improve l i g h t  a i r c r a f t  handl ing qua l i -  

t i e s  and turbulence  would be b e n e f i c i a l  f o r  reducing s i n g l e  p i l o t  I F R  

workload. 

An experimental  f l i g h t  test program w a s  conducted a t  t h e  NASA Dryden 

F l i g h t  Research Center t o  determine t h e  l e v e l  of handl ing  q u a l i t i e s  

improvement t h a t  could be achieved wi th  s t a b i l i t y  augmentation and a 

f l i g h t  d i r e c t o r  d i s p l a y  i n  varying l e v e l s  of tu rbulence  (see R e f .  2 1 ) .  

Severa l  p i l o t s  p a r t i c i p a t e d  i n  t h e  program which u t i l i z e d  a l i g h t  twin  
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engine  a i r c r a f t .  The e f f e c t  of s t a b i l i t y  augmentation was eva lua ted  

us ing  the s tandard  Cooper-Harper p i l o t  r a t i n g  scale with t h e  r e s u l t s  

shown i n  Fig. A-4. Figure A-4a i n d i c a t e s  t h a t  t h e  handl ing q u a l i t i e s  of 

t h e  unaugmented a i r c r a f t  degrade rap id ly  wi th  inc reas ing  tu rbu lence  

i n t e n s i t y .  The use  of s t a b i l i t y  augmentation t o  achieve a rate command 

c o n t r o l  system i n  t h e  p i t c h  and r o l l  axes i s  i l l u s t r a t e d  i n  Fig. A-4b 

where i t  seen  t h a t  t h e  undes i rab le  e f f e c t s  of tu rbulence  are e s s e n t i a l l y  

e l imina ted .  I n  Fig. A-4c t h e  e f f e c t  of us ing  an a t t i t u d e  command 

c o n t r o l  s y s t e m  produced s a t i s f a c t o r y  f l y i n g  q u a l i t i e s  i n  a l l  l e v e l s  of 

tu rbulence .  This  r e s u l t  w a s  somewhat c o u n t e r - i n t u i t i v e  i n  t h a t  p i t c h  

a t t i t u d e  s t a b i l i z a t i o n  e l imina te s  the a b i l i t y  of t h e  a i r c r a f t  t o  

weathercock i n t o  v e r t i c a l  g u s t s  and the re fo re  r e s u l t s  i n  g r e a t e r  normal 

a c c e l e r a t i o n  response t o  a given v e r t i c a l  gus t .  However, t h e  d a t a  

c l e a r l y  shows t h a t  t h e  p i l o t s  prefer red  t h e  a t t i t u d e  command c o n t r o l  

s y s t em. One p o s s i b l e  exp lana t ion  is  t h a t  t h e  p i t c h i n g  motions 

a s s o c i a t e d  wi th  weathercocking i n t o  t h e  v e r t i c a l  g u s t s  was more 

o b j e c t i o n a b l e  t o  t h e  p i l o t  than  t h e  l a r g e r  v e r t i c a l  a c c e l e r a t i o n s  t h a t  

occur  i f  such weathercocking is  el iminated.  Put another  way, it appears  

t h a t  t h e  a t t i t u d e  excurs ions  i n  turbulence are more ob jec t ionab le  than 

normal a c c e l e r a t i o n  responses.  

The e f f e c t  of a f l i g h t  d i r e c t o r  d i sp lay  on t h e  unaugmented a i r c r a f t  

is shown i n  Fig. A-5a. Considering t h a t  t h e  t a s k  was an ILS approach, 

i t  i s  no t  s u p r i s i n g  t h a t  t h e  f l i g h t  d i r e c t o r  d i s p l a y  r e s u l t e d  i n  a 

cons ide rab le  improvement i n  t h e  p i l o t  r a t i n g s .  However, t h e  u s e  of 

a t t i t u d e  augmentation i n  combination with t h e  f l i g h t  d i r e c t o r  d i sp l ay  

improved t h e  p i l o t s  op in ion  even f u r t h e r ,  t o  t h e  po in t  where i n  

s i g n i f i c a n t  l e v e l s  of tu rbulence  they g ive  almost p e r f e c t  r a t i n g s  

(Fig. A-5b). 

The degrading e f f e c t s  of turbulence on p i l o t  workload are w e l l  

expla ined  by t h e  Fig. 2 model. Without augmentation, t h e  a i r c r a f t  p i t c h  

and r o l l  a t t i t u d e s  are cont inuously u p s e t  r e q u i r i n g  t h e  p i l o t  t o  spend 

t h e  l a r g e  major i ty  of a v a i l a b l e  t i m e  c o n t r o l l i n g  t h e  a i r c r a f t .  I f  w e  

accept t h e  b a s i c  hypothes is  t h a t  t h e  p i l o t  can only tend t o  one i t e m  a t  

a t i m e ,  t h e  o t h e r  SPIFR func t ions  cannot be accomplished (i.e., t h e  
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"switch" i s  near ly  always on 6). The use  of a t t i t u d e  augmentation f r e e s  

t h e  p i l o t  from the  a i r c r a f t  c o n t r o l  t a s k  thereby al lowing t i m e  f o r  t h e  

o t h e r  SPIFR funct ions .  

The implementation of a s t a b i l i t y  augmentation system on a g e n e r a l  

av ia t ion  a i r p l a n e  would be somewhat imprac t i ca l  u t i l i z i n g  convent iona l  

techniques,  i.e., a series servo. The i r r e v e r s i b l e  n a t u r e  of such a 

servo  d i c t a t e s  a f u l l y  powered f l i g h t  c o n t r o l  system; c l e a r l y  out  of 

range economically f o r  g e n e r a l  a v i a t i o n  a i r p l a n e s  flown wi th  a s i n g l e  

p i l o t .  A p o s s i b l e  a l t e r n a t i v e  t o  t h e  series se rvo  is d iscussed  i n  

Refs. 22 and 23  and c o n s i s t s  of a s e p a r a t e  c o n t r o l  s u r f a c e  ded ica t ed  

s o l e l y  t o  t h e  s t a b i l i t y  augmentation sys tem.  The n e u t r a l  t o  s l i g h t l y  

uns tab le  na tu re  of t h e  l a t e r a l  a x i s  of convent iona l  a i r p l a n e s  makes t h i s  

a x i s  p a r t i c u l a r l y  amenable t o  augmentation; r e c a l l  t h a t  a wing l e v e l e r  

reduced workload s i g n i f i c a n t l y  ( s e e  Figs.  A-1 and A-2).  However, t h e  

r o l l  c o n t r o l  power of most g e n e r a l  a v i a t i o n  a i r c r a f t  is  a l r e a d y  

marginal,  and t h e  r educ t ion  i n  l a t e r a l  c o n t r o l  s u r f a c e  area on e x i s t i n g  

a i r c r a f t  would almost c e r t a i n l y  r e s u l t  i n  unacceptable  handl ing  

q u a l i t i e s .  One s o l u t i o n  n i g h t  be t o  inco rpora t e  r o l l  c o n t r o l  s p o i l e r s  

i n  add i t ion  t o  a small a i l e r o n  which would be used t o  complement t h e  

s p o i l e r s  a s  we l l  a s  t o  provide separate sur f  ace  augmentation. 

I n  summary the  Ref. 21 f l i g h t  tes t  program has  proven t h a t  t h e  use  

of s t a b i l i t y  augmentation e s s e n t i a l l y  e l imina te s  t h e  degrading e f f e c t s  

of turbulence on l i g h t  a i r c r a f t  f l y i n g  q u a l i t i e s ,  e s p e c i a l l y  i n  i n s t r u -  

ment condi t ions.  

D- COMPARISON OF HSI, RMI, AND CDI DISPLAYS 

A p i l o t e d  s imula t ion  s tudy  comparing t h r e e  d i s p l a y s  commonly u t i l -  

i z e d  f o r  nav iga t ion  i n  SPIFR opera t ions  was accomplished on t h e  NASA 

Langley gene ra l  a v i a t i o n  s imula tor .  The r e s u l t s  of t h e  s tudy  (Ref. 2 4 )  

showed t h a t  t h e  HSI provided t h e  most a c c u r a t e  la teral  pa th  fo l lowing ,  

a t  moderate range from t h e  VOR followed by t h e  C D I  wi th  t h e  RMI ranking 

th i rd .  These r e s u l t s  were not  s u r p r i s i n g  i n  t h a t  t h e  HSI combines head- 

i n g  and course o f f s e t  on one d i sp lay .  The p i c t o r i a l  n a t u r e  of t h e  d i s -  

p l a y  obv ia t e s  no t  only t h e  need f o r  scanning two d i s p l a y s ,  bu t  a l s o  t h e  

mental c a l c u l a t i o n s  requi red  t o  compute a p p r o p r i a t e  headings.  
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The RMI i s  b a s i c a l l y  designed t o  supplement an HSI by provid ing  t h e  

p i l o t  wi th  c rossbear ing  information.  Its advantage over a C D I  i n  t h i s  

r o l e ,  i s  t h a t  it does not  s a t u r a t e ,  and hence provides  cont inuous i n f o r -  

mation of a i r c r a f t  p o s i t i o n  wi th  respec t  t o  a s e l e c t e d  VOR o r  nondirec- 

t i o n a l  beacom (NDB). The t r adeof f  i s  one of d i s p l a y  s e n s i t i v i t y .  For  

example, i f  t h e  a i r c r a f t  i s  10 deg of f  course ,  a C D I  would i n d i c a t e  f u l l  

scale d e f l e c t i o n ,  whereas t h e  RMI needle only shows 10 deg out  of 

360 deg on a 3 i n .  diameter  d i sp lay .  Hence, t h e  RMI is  s p e c i f i c a l l y  

unsu i t ed  f o r  t r ack ing ,  a f a c t  which i s  v e r i f i e d  by t h e  Ref. 11 p i l o t e d  

s imula t ion  r e s u l t s .  

E. FOLLOW-HE BOX DISPLBY 

NASA Langley has  been experimenting wi th  a unique CRT d i s p l a y  f o r  

g e n e r a l  a v i a t i o n  u t i l i z i n g  p i l o t e d  s imula t ion  (Ref. 25) as w e l l  as a n  

i n - f l i g h t  eva lua t ion  (Ref. 26). The d i sp lay  replaces t h e  mechanical 

a t t i t u d e  gyro wi th  a computer drawn "box" d isp layed  on a CRT ( s e e  

Fig.  A-6). The p i l o t  t a s k  is  t o  f l y  through t h e  tunne l  l oca t ed  a t  t h e  

end of t h e  "follow-me box." I f  t h e  sides o r  top  of t he  box are v i s i b l e  

t h e  a i r c r a f t  i s  o f f  course  and/or  of f  a l t i t u d e .  During en rou te  segments 

t h e  box is loca ted  a t  f i x e d  po in t s  whereas dur ing  an instrument  approach 

i t  s l i d e s  down t h e  f i n a l  approach course a t  some f i x e d  range ahead of 

t h e  a i r c r a f t  u n t i l  it reaches the  missed approach poin t  a t  which time i t  

becomes f ixed .  Advantages noted wi th  t h i s  d i sp l ay  i n  Refs. 25 and 26 

are summarized below. 

The geometry of t h e  d i sp lay  is  such t h a t  computed 
l ead  informat ion  is  a v a i l a b l e  t o  t h e  p i l o t .  
Therefore ,  i t  is easy t o  t rack  without  s e p a r a t e  
r e fe rence  t o  heading as is requi red  wi th  conven- 
t i o n a l  gene ra l  a v i a t i o n  displays.  

The 3-D pe r spec t ive  gives  some i d e a  of t h e  
approach angle  being flown t o  t h e  waypoint. 

It i s  poss ib l e  t o  t r a c k  s t r a i g h t  o r  curved pa ths .  

C The p i l o t  remains o r i en ted  wi th  respect t o  t h e  
d e s i r e d  course ,  even f o r  large o f f s e t s  where most 
convent iona  1 d i  s p l  ay s s a t  u r  a t e. 
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a )  Typicol f ligh f Situation 

I F- INTEZRATHD CRT D I S P U U  

Horizon 

Reference 
symbol 

b/ Disp/uy for ?-ypica/ Flight 
Sifuufion 

F i g u r e  A-6. Follow-Me Box Display Concept (Taken From Ref. 11) 

0 The second box g ives  good cues t o  prepare f o r  t h e  
d i r e c t i o n  t o  t u r n  f o r  t h e  next waypoint. 

0 Measured t r a c k i n g  p r e c i s i o n  was good. 

Some disadvantages of t h e  d i sp lay  noted i n  Refs. 25 and 26 were: 

0 The absence of r o l l  and p i t c h  ang le  i n d i c e s  on t h e  
CRT may make i t  u n s a t i s f a c t o r y  f o r  gene ra l  use i n  
i t s  present  form. 

e The CRT used f o r  t h e  d i s p l a y  i s  t o o  small. 

0 The follow-me-box i s  too  small a t  long d i s t a n c e s  
making i t  impossible  t o  perce ive  s u f f i c i e n t  d e t a i l  
t o  determine l a t e r a l  and v e r t i c a l  o f f s e t s  from 
course  and a l t i t u d e ,  i . e . ,  can no t  determine box 
o r i e n t a t i o n  a t  long range. 

8 C l u t t e r i n g  i s  a problem around t h e  c e n t e r  of t h e  
sc reen  whenever t h e  box i s  f a i r l y  small. 

The i d e a  of us ing  CRT Displays t o  r ep lace  t h e  convent iona l  a t t i t u d e  

gyro p l u s  f l i g h t  d i r e c t o r  was pursued q u i t e  v igorous ly  dur ing  t h e  e a r l y  

1970s. Perhaps t h e  most success fu l  of t h e s e  w a s  was t h e  "pathway i n  t h e  

sky" d isp lay  shown i n  Fig. A-7. This d i s p l a y  which was developed by 
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Figure  A-7. I n t e g r a t e d  CRT Display Device (Kaiser  Model FP-50) 
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Kaiser and was eva lua ted  i n  a L e a r j e t  a t  t h e  NASA Ames Research Center.  

The r e s u l t s  of t h i s  e v a l u a t i o n  are g iven  i n  Ref. 27. During each test  

ser ies ,  t h e  p i l o t s  f i r s t  made a minimum of 2 v i s u a l  approaches and 

3 convent ional  (raw d a t a )  ILS approaches.  The remaining approaches were 

t h e n  made wi th  t h e  CRT Display. Three r e sea rch  p i l o t s  p a r t i c i p a t e d  i n  

t h e  program. I n t e r e s t i n g l y ,  t h e  d i s p l a y  was most b e n e f i c i a l  t o  t h e  

p i l o t  who had t h e  l e a s t  exper ience  i n  t h e  Learjet a l though improved 

t r ack ing  was noted with t h e  CRT Display f o r  a l l  3 p i l o t s .  In f a c t ,  t h e  

s t a t i s t i c a l  d a t a  (shown i n  Fig. A-8) i n d i c a t e d  t h a t  t r ack ing  w i t h  t h e  

CRT Display r e s u l t e d  i n  similar performance as t r a c k i n g  i n  VFR condi- 

t i o n s .  The worst  performance was obta ined  us ing  t h e  convent iona l  raw- 

d a t a  ILS d isp lay .  This resul t  i s  no t  s u r p r i s i n g  inasmuch as t h e  CRT 

Display provided t h e  p i l o t  wi th  l ead  informat ion  wherein r a w  d a t a  ILS 

t r ack ing  r equ i r e s  t h e  p i l o t  t o  scan  s e v e r a l  d i s p l a y s  i n  o rde r  t o  

gene ra t e  t h e  necessary lead  r equ i r ed  f o r  a s t a b l e  t r a c k i n g  so lu t ion .  A 

b e t t e r  e v a l u a t i o n  of t h e  CRT Display would have been t o  compare i t  wi th  

a f l i g h t  d i r e c t o r .  

60 

50 

3 -  - 
VFR eiceedei 

Error, 6 - C .  dots x 10 

Figure  A-8. Comparison of L o c a l i z e r  Cumulative 
Er ro r  D i s t r i b u t i o n s  



G. PILOT INSTRIJMENT SCANNING BEHAVIOR 

which inco rpora t e  lead  information also minimize t h e  need f o r  scanning 

A p i l o t e d  s imula t ion  s tudy  of instrument  scanning behavior was 

accomplished a t  t h e  NASA Langley Research Center  and i s  repor t ed  i n  

Ref. 28. An occulometer was u t i l i z e d  i n  t h i s  experiment t o  o b t a i n  quan- 

t i t a t i v e  informat ion  of t h e  p i l o t s  scanning behavior  dur ing  9 d i f f e r e n t  

IFR f l i g h t  maneuvers. The r e s u l t s  of the s tudy  i n d i c a t e d  t h a t  t h e  p i l o t  

spen t  between 70 and 80 percent  of t h e i r  t i m e  looking a t  t h e  a r t i f i c i a l  

hor izon  and t h e  d i r e c t i o n a l  gyro during a l l  of t h e  maneuvers t e s t e d .  

Th i s  suppor ts  t h e  assumption t h a t  t h e  p i l o t  spends most of h i s  time on 

b a s i c  a i r c r a f t  a t t i t u d e  con t ro l .  It t h e r e f o r e  seems reasonable  t o  

expec t  t h a t  t h e  use  of an  a u t o p i l o t  o r  s t a b i l i t y  augmentation would l ead  

t o  t h e  g r e a t e s t  payoff i n  terms of IMC workload reduct ion .  It i s  impor- 

t a n t  t o  keep t h i s  aspec t  of t h e  problem i n  pe r spec t ive  when making t h e  

a p p r o p r i a t e  i n t e r p r e t a t i o n s  of t h e  r e s u l t s  of t h e  Ref. 18 a u t o p i l o t  

s tudy showing a tendency towards blunders. That i s ,  one should not  

assume t h a t  increased  blunders  are a fundamental a spec t  of a u t o p i l o t s  

bu t  r a t h e r  t h a t  t h e s e  blunders  are more a t t r i b u t a b l e  t o  t h e  p a r t i c u l a r  

p i l o t  i n t e r f a c e  wi th  t h e  a u t o p i l o t  system. 

The r e s u l t s  of t h e  Ref. 28 s tudy i n d i c a t e d  t h a t  t h e  p i l o t  spen t  

between 55 and 65 percent  of t h e i r  time looking a t  t he  a r t i f i c i a l  ho r i -  

zon ( a t t i t u d e  i n d i c a t o r ) .  This i s  probably a t t r i b u t a b l e  t o  t h e  f a c t  

t h a t  a i r p l a n e s  are e i t h e r  n e u t r a l l y  s t a b l e  o r  u n s t a b l e  i n  t h e  l a t e ra l  

a x i s  ( s p i r a l  mode) and hence r equ i r e  continuous a t t e n t i o n  t o  main ta in  a 

s e l e c t e d  bank angle  o r  wings l e v e l  f l i g h t .  Hence, t h e  a d d i t i o n  of a 

s imple  wing l e v e l e r  is suggested as an  appropr i a t e  way t o  s i g n i f i c a n t l y  

reduce p i l o t  workload i n  IMC condi t ions  with a minimum c o s t .  I 
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heading information while  t r ack ing .  However, such a d i s p l a y  does not  

a l low t h e  p i l o t  t o  "switch h i s  a t t e n t i o n "  t o  o t h e r  IFR f u n c t i o n s  and 

t h e r e f o r e  is  probably less e f f e c t i v e  than  t h e  wing l e v e l e r  or heading 

hold au top i lo t .  

One of t h e  b a s i c  problems conf ron t ing  a non-instrument r a t e d  p i l o t  

who f inds  himself i n  cond i t ions  of low v i s i b i l i t y  i s  h i s  l ack  of aware- 

ness  of t h e  n e c e s s i t y  of cont inuously c o n t r o l l i n g  a i r c r a f t  a t t i t u d e  

through the  u s e  of t h e  a r t i f i c i a l  horizon.  Experience has  shown t h a t  

s i m p l y  t e l l i n g  a p i l o t  t h a t  a t t i t u d e  c o n t r o l  i s  t h e  one s i n g l e  most 

over r id ing  cons ide ra t ion  i n  a i r c r a f t  c o n t r o l  and IMC cond i t ions  is  n o t  

s u f f i c i e n t .  A cons iderable  amount of t r a i n i n g  i s  requ i r ed  t o  make t h i s  

f a c t  par t  of t h e  p i l o t s  r e a l i t y  t o  t h e  po in t  t h a t  he would use  i t  i n  a n  

emergency s i t u a t i o n .  S ince  i t  is  n o t  p o s s i b l e  t o  f o r c e  such t r a i n i n g  on 

t h e  p i l o t  popula t ion ,  an a l t e r n a t i v e  s o l u t i o n  would be t o  educa te  p i l o t s  

as t o  t h e  extremely b e n e f i c i a l  s a f e t y  imp l i ca t ions  of having a wing 

l e v e l e r  a u t o p i l o t ,  or even b e t t e r ,  an augmentor. The s a f e t y  advantages 

of such an a u t o p i l o t  have been demonstrated i n  s e v e r a l  i n f l i g h t  r e sea rch  

programs conducted by both t h e  FAA and NASA (see Refs. 29 ,  30, and 31). 

Each of t h e s e  programs demonstrated t h a t  non-instrument r a t e d  p i l o t s  

were a b l e  t o ,  i n  most cases, s a f e l y  accomplish a reasonably complex 

instrument  f l y i n g  t a s k  wi th  t h e  a s s i s t a n c e  of a s imple wing l e v e l e r  

a u t o p i l o t .  These same p i l o t s  were prone t o  g e t t i n g  l o s t  as a minimum, 

w i t h  t o t a l  l o s s  of a i r c r a f t  c o n t r o l  occu r r ing  i n  some cases ,  wi thout  t h e  

a s s i s t a n c e  of t h e  wing l e v e l e r .  

E. DATA LINK COMMJNICATIONS 

A f l i g h t  i n v e s t i g a t i o n  of s imula ted  d a t a  upl ink  communications dur- 

i n g  s i n g l e  p i l o t  I F R  f l i g h t  w a s  accomplished by Biotechnology Incorpo- 

rated under con t r ac t  t o  NASA Langley Research Center  and is  repor t ed  i n  

Ref. 16. A l i g h t  twin engine a i r c r a f t  was used, and t h e  e v a l u a t i o n s  

took p l ace  i n  an a c t u a l  high d e n s i t y  a i r  t r a f f i c  c o n t r o l  environment. 

On runs where t h e  d a t a  l i n k  was t e s t e d  t h e  informat ion  was upl inked t o  a 

f l i g h t  d a t a  console  (FDC) which c o n s i s t e d  of numeric d i sp l ay  of ATC com- 

mand d a t a  as w e l l  as r e fe rence  d a t a  information.  A keyboard was 
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a v a i l a b l e  t o  allow t h e  p i l o t  t o  e n t e r  in format ion  when t h e  up l ink ing  

c a p a b i l i t y  was not  a c t i v i t a t e d .  The f l i g h t  d a t a  console  was opera ted  i n  

2 modes. I n  mode 1 t h e  system presented s t o r e d  f l i g h t  d a t a  items as 

en te red  by t h e  p i l o t .  I n  t h i s  mode t h e  f l i g h t  d a t a  console  (FDC) se rved  

as a memory a i d  and i n  essence  took the  p l ace  of p a p e r  and p e n c i l  on a 

knee pad. When ope ra t ing  i n  mode 2 ,  the  f l i g h t  d a t a  console  rece ived  

command informat ion  from a i r  t r a f f i c  con t ro l  and presented  i t  on t h e  

d i sp lays .  This  included i n s t r u c t i o n s  fo r  changes i n  heading, changes i n  

a l t i t u d e ,  new f r equenc ie s ,  updated a l t i m e t e r  s e t t i n g ,  and d i s p l a y s  which 

i n d i c a t e d  "c l ea r  f o r  approach" and "c lear  t o  land" i n s t r u c t i o n s .  I n  

a c t u a l  ope ra t ion ,  t h e  ATC i n s t r u c t i o n s  were rece ived  by t h e  console  

ope ra to r  i n  t h e  rear seat of t he  a i r c r a f t .  H e  en t e red  t h e  informat ion  

i n  such a way t h a t  t h e  p i l o t  would perceive t h a t  is was a c t u a l l y  coming 

d i r e c t l y  from ATC. A message a l e r t  l i g h t  was loca ted  a t  t h e  top  of t h e  

d i s p l a y  t o  a le r t  t h e  p i l o t  t o  t h e  f a c t  t h a t  he i s  being i s sued  a clear- 

ance o r  r ev i sed  c learance .  

Each of t h e  8 s u b j e c t  p i l o t s  were given 4 f l i g h t s .  These are sum- 

marized as follows. 

F l i g h t  A -- I n  t h i s  f l i g h t  the s u b j e c t  p i l o t  f lew 
wi th  an instrument  r a t e d  co-pi lot  and was f r e e  t o  
u s e  t h e  co-p i lo t  i n  any way he des i red .  The only 
r e s t r i c t i o n  was t h a t  the co-p i lo t  could not  
a c t u a l l y  f l y  t h e  a i r c r a f t .  F l i g h t  wi th  a f u l l y  
q u a l i f i e d  instrument  r a t e d  eo-p i lo t  was considered 
optimum i n  terms of reducing workload and making 
t h e  f l i g h t  as p r o f i c i e n t  and s a f e  as poss ib l e .  
Therefore ,  t h i s  f l i g h t  was intended t o  provide a 
b a s e l i n e  a g a i n s t  which o t h e r  f l i g h t s  might be com- 
pared. 

F l i g h t  B -- Here t h e  p i l o t  was a lone  i n  t h e  sense  
t h a t  t h e  s a f e t y  p i l o t  d id  not p a r t i c i p a t e .  Sub- 
j e c t  p i l o t  used t h e  f l i g h t  data  console  as a d a t a  
s t o r a g e  s y s t e n  (memory a i d )  t o  assist dur ing  each 
i ns t rume n t approach. 

F l i g h t  C -- This  i s  t h e  customary s i n g l e  p i l o t  
instrument  f l i g h t  wherein t h e  s a f e t y  p i l o t  d id  no t  
p a r t i c i p a t e .  

F l i g h t  D -- I n  t h i s  f l i g h t  a l l  approaches were 
flown us ing  a i r  t r a f f i c  con t ro l  in format ion  pro- 
vided through t h e  f l i g h t  d a t a  console. 
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Each of t h e  4 f l i g h t s  l a s t e d  f o r  approximately 1-1/2 h r s  and 

included 4 inst rument  approaches: an  ILS approach, an NDB approach, a 

VOR approach, and an  ASR approach. 

When asked t o  rate t h e i r  pe rcep t ion  of workload f o r  each of t h e  

4 f l i g h t s  immediately fo l lowing  each f l i g h t ,  t h e  r a t i n g s  a l l  f e l l  about  

midway between l i g h t  and very heavy; t h a t  is, t h e  p i l o t s  were unable  t o  

d i s t i n g u i s h  a change i n  workload f o r  any of t h e  4 f l i g h t s .  However, 

when asked t o  look back over t h e  4 f l i g h t s  a f t e r  completing t h e  e n t i r e  

experiment,  t h e  p i l o t s  r a t e d  F l i g h t  A and F l i g h t  D as having a much 

lower workload than  F l i g h t s  B and C (see Fig. A-9). While t h e  au tho r s  

of Ref. 16 were unable t o  e x p l a i n  why t h e  p i l o t s  could not  pe rce ive  a 

change i n  workload immediately a f t e r  each run i t  i s  c l e a r  t h a t  i n  look- 

ing  back over t h e  experiment t h e  s u b j e c t  p i l o t s  o v e r a l l  pe rcep t ion  was 

t h a t  t h e  d a t a  upl ink  provided a s u b s t a n t i a l  r educ t ion  i n  workload. 
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Figure A-9. Average Workload Rankings Obtained Following Completion 
of A l l  F l i g h t s  (1 = Heavy, 4 = Very L igh t )  (Taken From Ref. 17) 
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I n  a d d i t i o n  t o  p a r t i c i p a t i n g  i n  t h e  f l i g h t  experiment,  each of t h e  

s u b j e c t  p i l o t s  were asked t o  complete a ques t ionna i r e .  Resu l t s  of t h a t  

q u e s t i o n n a i r e  i n d i c a t e d  that  t h e  primary va lue  of a co-p i lo t  i s  t o  

handle  r a d i o  work (communications). On th i s  b a s i s  we would c e r t a i n l y  

expec t  a r educ t ion  i n  workload wi th  a d a t a  upl ink  c a p a b i l i t y  f o r  the 

s i n g l e  p i l o t  IFR t ask .  

P o s i t i v e  comments noted by t h e  sub jec t  p i l o t s  regard ing  t h e  d a t a  

up l ink  c a p a b i l i t y  were as follows. 
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There 

b i l i t y  as 

e 

e 

0 

0 

There is  no confusion as t o  who t h e  i n s t r u c t i o n  
from t h e  ground i s  f o r .  

You can hard ly  miss a c a l l .  

No misunderstanding or f o r g e t t i n g  numbers. 

No fumbling wi th  p e n c i l ,  knee board,  mike, o r  
volume con t ro l .  

The upl ink  c a p a b i l i t y  was very easy  t o  use  and 
provided much workload r e l i e f .  

P i l o t s  l i k e d  t h e  q u i e t  of t h e  rad io- f ree  environ- 
ment. 

were a l s o  some negat ive  comments regard ing  d a t a  upl ink  capa- 

s imulated i n  Ref. 16. These were as fol lows.  

P o s i t i o n  of t h e  f l i g h t  data  console  was poor 
r equ i r ing  t h e  p i l o t s  t o  move the i r  heads t o  read  
i t ,  thus ,  d e t r a c t i n g  from the ins t rument  scan. 

The f l i g h t  d a t a  console  was d i f f i c u l t  t o  read i n  
day1 igh t . 
The s e c u r i t y  of vo ice  communication was missing. 
This  was f e l t  t o  be a s i g n i f i c a n t  f a c t o r .  One 
p i l o t  i nd ica t ed  t h a t  he would be most comfortable 
w i t h  t h e  use of the d a t a  upl ink c a p a b i l i t y  i n  con- 
j u n c t i o n  wi th  a radio.  

The p i l o t s  were not a b l e  t o  ques t ion  ATC. 

The d a t a  upl ink  tends t o  force  g r e a t e r  r e l i a n c e  on 
ATC than t h e  p i l o t s  were ready t o  g ive .  
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A problem not mentioned i n  Ref. 16 but  t h a t  i s  f e l t  t o  be s i g n i f i -  

c a n t ,  is t h e  va lue  of hea r ing  c l ea rances  given t o  o t h e r  a i r c r a f t  t h a t  

are  a l so  ope ra t ing  i n  t h e  ATC environment. An a l e r t  instrument  p i l o t  

can u s u a l l y  d e t e c t  a p a t t e r n  based on t h e  i n s t r u c t i o n s  given t o  o t h e r  

a i r c r a f t .  Once t h i s  p a t t e r n  i s  understood c l ea rances  tend t o  make a l o t  

more sense thereby r equ i r ing  less i n t e r p r e t a t i o n  and minimizing t h e  ele- 

ment of s u r p r i s e .  

The r e s u l t s  of t h e  Ref. 16 s tudy  i n d i c a t e  t h a t  d a t a  upl ink  when used 

i n  conjunct ion wi th  t h e  communications r a d i o  could s i g n i f i c a n t l y  reduce 

p i l o t  workload. This  is  c o n s i s t e n t  w i th  t h e  f ind ings  of Experiment I1 

i n  t h e  p re sen t  research .  

I. AIRCRAFT CONTROLS 

The v a s t  major i ty  of gene ra l  a v i a t i o n  a i r p l a n e s  u t i l i z e  t h e  wheel o r  

yoke c o n t r o l l e r .  The p r i m a r y  disadvantage of t h i s  c o n t r o l l e r  is  t h a t  i t  

uses  up va luable  pane l  space which could o therwise  be u t i l i z e d  f o r  

instrumentat ion.  One proposed s o l u t i o n  t o  t h i s  has  been t h e  Bro l l ey  

c o n t r o l l e r  which c o n s i s t s  of 2 handles  which eminate from t h e  ins t rument  

pane l  and are interconnected.  With t h i s  c o n t r o l l e r  t h e  p i l o t  can f l y  

w i t h  e i t h e r  hand a s  i n  t h e  convent ional  wheel c o n t r o l l e r  without  t h e  

disadvantage of blanking panel  space d i r e c t l y  i n  f r o n t  of t h e  p i l o t s  

eye. This  c o n t r o l l e r  was i n v e s t i g a t e d  i n  t h e  t e rmina l  configured vehi- 

c l e  (TCV) program being conducted a t  t h e  NASA Langley Research Center .  

Another a l t e r n a t i v e  would be t h e  c e n t e r  s t i c k  which i s  popular  i n  m i l i -  

t a r y  f i g h t e r  a i r c r a f t ,  but seems t o  meet with cons ide rab le  r e s i s t a n c e  i n  

t h e  genera l  a v i a t i o n  community. Consider ing t h e  n e c e s s i t y  t o  s e l l  a i r -  

planes i t  is u n l i k e l y  t h a t  any manufacturer  would r i s k  u t i l i z i n g  a 

c e n t e r  s t i c k  c o n t r o l l e r .  It i s  t h e r e f o r e  deemed imprac t i ca l  a t  t h i s  

t i m e .  

The  sidearm c o n t r o l l e r  r e p r e s e n t s  an  a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  

s tandard yoke or  Brol ley c o n t r o l l e r  i n  t h a t  i t  i s  convenient ly  l o c a t e d  

i n  the cockpi t .  Sidearm c o n t r o l l e r s  are p r e s e n t l y  being used i n  

Rutan's Vari Eze and Long Ez a i r c r a f t  as w e l l  as t h e  m i l i t a r y  F-16 

and t h e  Space Shu t t l e .  While t h e  v i a b i l i t y  of t h e  s idearm c o n t r o l l e r  i s  
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g e n e r a l l y  w e l l  e s t a b l i s h e d ,  d i scuss ions  wi th  eng inee r ing  t e s t  p i l o t s  who 

have p a r t i c i p a t e d  i n  sidearm c o n t r o l l e r  r e s e a r c h  programs i n d i c a t e  t h a t  

a cons ide rab le  amount of work needs t o  be done i n  t h i s  area. Probably 

t h e  b e s t  sou rce  of d a t a  on sidearm c o n t r o l l e r s  i s  t h e  proposed m i l i t a r y  

F l y i n g  Qua l i ty  Standard and Handbook (Ref. 32). Sec t ion  111.2.9.4 of 

Ref. 32 c o n t a i n s  a cons ide rab le  amount of f l i g h t  tes t  d a t a  generated a t  

t h e  U.S .  Air Force T e s t  P i l o t  School u t i l i z i n g  t h e  v a r i a b l e  s t a b i l i t y  

T-33 a i r c r a f t  configured with a sidearm c o n t r o l l e r .  The fol lowing d i s -  

c u s s i o n  i s  based on c o n s i d e r a t i o n s  from Ref. 32. 

Some guidance f o r  designing sidearm c o n t r o l l e r s  may be gained from 

Fig.  A-10 which i n d i c a t e s  t h e  e f f e c t  of s t i c k  f o r c e  g r a d i e n t  w i th  normal 

a c c e l e r a t i o n  and d e f l e c t i o n .  The p i l o t  r a t i n g s  denoted as "CH" r e f e r  t o  

t h e  Cooper-Harper r a t i n g  s c a l e  which is d i scussed  i n  some d e t a i l  i n  

Ref. 32. However, a broad i n t e r p r e t a t i o n  of t h a t  s c a l e  is  t h a t  p i l o t  

r a t i n g s  from 1 t o  3-1/2 a r e  considered t o  be l l s a t i s f a c t o r y l l  and from 

3-1/2 t o  6-1/2 i n d i c a t e s  "improvement is d e s i r e d , "  and p i l o t  r a t i n g s  

worse than  6-1/2 i n d i c a t e d  t h a t  "improvement is  necessary." Ref e r r i n g  

t o  Fig. A-10 i t  can be seen t h a t  t h e  p i l o t s  p r e f e r r e d  inc reased  c o n t r o l  

s t i c k  motion wi th  decreased c o n t r o l  fo rce  g r a d i e n t s  and decreased con- 

t r o l  s t i c k  motion with inc reased  c o n t r o l  f o r c e  g r a d i e n t s .  Control  con- 

f i g u r a t i o n s  13, 14 ,  and 15 of Fig. A-10 y i e l d  t h e  b e s t  r e s u l t s  both i n  

p i l o t  r a t i n g s  and comments. P i l o t s  i nd ica t ed  t h a t  c o n t r o l  motions were 

n o t i c a b l y  l a r g e  but  not  uncomfortable. These c o n f i g u r a t i o n s  were on t h e  

edge of t h e  test matr ix ,  t hus ,  t h e  ex ten t  of t h i s  f avorab le  r eg ion  was 

n o t  determined and a d d i t i o n a l  t e s t i n g  i s  required.  It should be noted 

t h a t  t h e  maneuvers used t o  gene ra t e  these  p i l o t  r a t i n g s  and comments 

c o n s i s t e d  of 2 g bank-to-bank t u r n s  as  w e l l  as wind-up turns .  Such 

maneuvering i s ,  of course,  no t  normally accomplished i n  gene ra l  a v i a t i o n  

a i r c r a f t  and hence t h e  d a t a  i n  Fig. A-10 should be considered more as 

background information than s p e c i f i c  design guidance. Addit ional  d a t a  

on sidearm c o n t r o l l e r s  is  given i n  Ref. 32. 

I n  g e n e r a l ,  i t  would seem t h a t  t h e  use of a s idearm c o n t r o l l e r  pre- 

s e n t s  a most a t t r a c t i v e  a l t e r n a t i v e  to  t h e  c u r r e n t  s t anda rd  wheel o r  

yolk c o n t r o l l e r  i n  t h a t  i t  f r e e s  up the maximum amount of panel  space  
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and t a k e s  advantage of an a r e a  of t h e  cockpi t  t h a t  is c u r r e n t l y  no t  u t i -  

l i z e d .  However, s p e c i f i c  r e sea rch  regarding d e s i r a b l e  c h a r a c t e r i s t i c s  

f o r  s idearm c o n t r o l l e r s  i n  gene ra l  a v i a t i o n  a i r p l a n e s  is  required.  I n  

p a r t i c u l a r ,  t h e  small motions inherent  t o  a s idearm c o n t r o l l e r  w i l l  

r e s u l t  i n  very l a r g e  c o n t r o l  f o r c e s  due t o  t h e  l ack  of mechanical advan- 

tage .  This is overcome i n  t h e  F-16 and Space S h u t t l e  by t h e  use  of a 

f u l l y  i r r e v e r s i b l e  fly-by-wire f l i g h t  c o n t r o l  system. I n  t h e  case of 

t h e  Vari Eze and Long Ez t h e  cont ro l  f o r c e s  are r e l a t i v e l y  low 

because of t h e  small s i z e  of t h e s e  a i r c r a f t .  However, when one con- 

s i d e r s  t h a t  t h e  e l e v a t o r  hinge moment i n c r e a s e s  as t h e  cube of t h e  ele- 

v a t o r  cord,  i t  can be seen  t h a t  t h e  con t ro l  f o r c e s  w i l l  grow rap id ly  as 

t h e  s i z e  of t h e  a i r c r a f t  is  increased. Even moderate s i z e d  4-place 

g e n e r a l  a v i a t i o n  a i r c r a f t  w i l l  probably produce excess ive  c o n t r o l  f o r c e s  

f o r  a t y p i c a l  sidearm c o n t r o l l e r .  This problem must be reso lved  be fo re  

t h e  s idearm c o n t r o l l e r  can become a v i a b l e  a l t e r n a t i v e  f o r  g e n e r a l  

a v i a t i o n  a i r c r a f t .  
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APPENDIX B 

SCENARIOS AND DISPLAY CONFIGURATION 
USED IN EXPERIMENT I 

A. SCENARIOS USED I N  XPERLMENT I 

Three scena r ios  were developed t o  create a h igh  workload environment 

i n  as r e a l i s t i c  manner as poss ib l e .  The rou t ings  and a s s o c i a t e d  ho ld ing  

p a t t e r n s  and approaches are shown i n  Fig. B-1. The s c e n a r i o s  were 

designed t o  be as equiva len t  as p o s s i b l e  i n  terms of workload r equ i r e -  

ments. Each of t h e  t h r e e  scena r ios  c o n s i s t  of f o u r  b a s i c  segments. 

These a r e  as fol lows:  

1) Departure v i a  nav iga t ion  a long  airways, VOR 
r a d i a l s ,  and i n t e r s e c t i o n s  t o  a hold ing  f i x  and 
copying an  approach c l ea rance  i n  t h e  hold ing  
p a t t e r n .  

2 )  Fly t h e  c l ea rance  (copied above) t o  t h e  f i n a l  
approach f i x ,  execute  a procedure t u r n ,  and t h e  
publ ished approach procedure. 

3)  Execute t h e  publ ished missed approach procedure.  

4 )  Return t o  Langley o r  P a t r i c k  Henry Airpor t  v i a  
radar  vec to r s  f o r  an ILS approach. 

1 I n  the  i n t e r e s t  of run t o  run  cons is tency  the experiment was flown i n  

VFR condi t ions  us ing  ATC only f o r  radar  t r a f f i c  a d v i s o r i e s  i f  a t  a l l .  

A l l  of t h e  a l t i t u d e s  on t h e  approach p la tes  were increased  t o  i n s u r e  

opera t ion  w e l l  above a i r c r a f t  us ing  t h e  a s s o c i a t e d  a i r p o r t s .  This was 

wi th  t h e  except ion  of t h e  l a s t  approach in which we reques ted  r ada r  vec- 

t o r s  t o  f i n a l  from Norfolk approach c o n t r o l  

The t h r e e  eva lua t ion  p i l o t s  were a l l  s e n i o r  experimental  t es t  p i l o t s  

employed by t h e  NASA Langley Research Center.  

The s c r i p t  f o r  each of t h e  scena r ios  i l l u s t r a t e d  i n  Fig. B-1 i s  

summarized below. 
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0 Scenario A -- The fo l lowing  c l e a r a n c e  was i s s u e d  
t o  t h e  p i l o t  j u s t  be fo re  d e p a r t u r e .  "NASA 503 i s  
clear t o  the F a t r i c k  Henry Ai rpor t  v i a  t h e  
Harcun 134 deg r a d i a l  t o  Bazoo i n t e r s e c t i o n ;  t h e n  
t h e  Norfolk 041 deg r a d i a l  t o  t h e  Norfolk Vortac;  
d i r e c t .  Maintain 3,000, expec t  7,500 t e n  minutes 
a f t e r  depa r tu re ,  squawk 1200, c o n t a c t  Norfolk 
depa r tu re  c o n t r o l  125.4 l e a v i n g  2,500." A l t i t u d e  
r e s t r i c t i o n s  were i s s u e d  du r ing  t h e  climb and 
were u s u a l l y  timed t o  co inc ide  with i n t e r c e p t i n g  
t h e  134 deg r a d i a l .  Once e s t a b l i s h e d  on the 
134 deg r a d i a l  and j u s t  be fo re  r each ing  t h e  Bazoo 
i n t e r s e c t i o n  (about  1 min) t h e  fo l lowing  clear- 
ance w a s  issued.  "Hold west of t h e  Norfolk 
Vortac on t h e  Norfolk 290 deg r a d i a l  l e f t  
t u rns .  Maintain 6,500 f t  and expect  f u r t h e r  
c l ea rance  t o  t h e  P a t r i c k  Henry A i r p o r t  
a t  t i m e  now .'I A s  t h e  p i l o t s  
became f a m i l i a r  w i th  Scena r io  A t h e  ho ld ing  
c l ea rance  was r e v i s e d  as fol lows.  "You a re  
c l e a r e d  t o  t h e  D e e m s  i n t e r s e c t i o n  v i a  t h e  Norfolk 
041 deg r a d i a l  Norfolk Vortac. V i c t o r  1 Deems. 
Hold east  of D e e m s  on t h e  E l i z a b e t h  C i ty  346 deg 
rad  i a  1. Once i n  t h e  ho ld ing  p a t t e r n  t h e  
fol lowing c l ea rance  was read. "Cleared t o  t h e  
P a t r i c k  Henry Ai rpor t  v i a  heading 350 deg t o  
i n t e r c e p t  t h e  Norfolk 298 deg r a d i a l  jaws i n t e r -  
s e c t i o n  d i r e c t .  Maintain 6,500." The p i l o t  was 
asked t o  ra te  h i s  workload ( t o  be d i scussed  
subsequent ly)  a f t e r  copying t h i s  l a s t  
c learance.  I n  a l l  cases t h e  p i l o t s  were r equ i r ed  
t o  execute  t h e  publ ished missed approach which 
involved e i t h e r  f l y i n g  outbound on t h e  back 
course o r  f r o n t  course of t he  P a t r i c k  Henry ILS 
and e n t e r i n g  a ho ld ing  p a t t e r n .  Once i n  t h e  
holding p a t t e r n  a c l ea rance  f o r  ano the r  approach 
was i s sued  inc lud ing  a s p e c i f i c  t i m e  t o  d e p a r t  
the holding p a t t e r n .  This r equ i r ed  the p i l o t  t o  
c a l c u l a t e  t h e  number of t u r n s  and a d j u s t  t h e  
holding p a t t e r n  l e g s  a p p r o p r i a t e l y  i n  o rde r  t o  
d e p a r t  t h e  holding f i x  a t  t h e  c o r r e c t  time. The 
p i l o t s  were asked t o  make r a t i n g s  of t h e i r  work- 
load i n  t h e  missed approach ho ld ing  p a t t e r n  and 
on t h e  ground a f t e r  t h e  l a s t  approach. 

0 Scenario B -- The p i l o t s  were i s s u e d  t h e  
fol lowing c l ea rance  on t h e  ground j u s t  p r i o r  t o  
departure .  "NASA 506 i s  c l e a r e d  t o  t h e  Hopewell 
Airport  v i a  t h e  Norfolk 290 deg r a d i a l  Waiks 
i n t e r s e c t i o n ,  t hen  t h e  F l a t  rock 134 deg r a d i a l  
F l a t  rock Vortac,  V i c t o r  16 Richmond Vortac,  
V i c t o r  260 Hopewell Vortac d i r e c t .  Maintain 
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3,000 f t ,  expect  6,000 f t  10 min a f t e r  
depar ture .  Squawk 1200. Contact Norfolk 
d e p a r t u r e  c o n t r o l  125.7 leav ing  2,000 f t . "  As 
with Scenario A t h e  p i l o t  was i s sued  a l t i t u d e  
r e s t r i c t i o n s  and speed r e s t r i c t i o n s  t o  i n c r e a s e  
h i s  workload whi le  i n t e r c e p t i n g  t h e  Norfolk 
290 deg r a d i a l .  Three minutes from t h e  Waiks 
i n t e r s e c t i o n  t h e  p i l o t  was read the  fo l lowing  
c learance .  "NASA 506 i s  c l ea red  t o  t h e  Waiks 
i n t e r s e c t i o n  hold south  of Waiks on t h e  Hopewell 
178  deg r a d i a l .  Expect f u r t h e r  c l ea rance  t o  
Hopewell a t  t i m e  now . Maintain 
5,500 f t and con tac t  Norfolk depa r tu re  c o n t r o l  
124.9." From Fig. 17 i t  can be seen  t h a t  ho ld ing  
s o u t h  of Waiks i n t e r s e c t i o n  on t h e  Hopewell 
178 deg r a d i a l  involved a p a r a l l e l  en t ry .  The 
c l ea rance  was read t o  t h e  p i l o t  3 minutes before  
reaching the  Waiks i n t e r s e c t i o n  (in accordance 
wi th  t h e  minimum time recommended by t h e  FAA). 
Inasmuch a s  the  p a r a l l e l  holding p a t t e r n  e n t r y  
r e q u i r e s  a cons iderable  amount of planning t h e  
p i l o t  workload tended t o  be q u i t e  h igh  dur ing  t h e  
3 minutes before  Waiks. In accomplishing such 
planning,  t h e  p i l o t s  were requi red  t o  c o l l e c t  a 
cons iderable  amount of in format ion  i n  short-term 
memory t o  be executed once reaching t h e  Waiks 
i n t e r s e c t i o n .  Speed r e s t r i c t i o n s  were i s sued  
j u s t  p r i o r  t o  Waiks which tended t o  w i p e  ou t  con- 
s i d e r a b l e  par t s  of short- term memory, i n  many 
c a s e s ,  r equ i r ing  t h e  p i l o t s  t o  look back a t  t h e i r  
c h a r t s  and recheck tun ing  of V O R ' s ,  DME, etc. 
This tends  t o  suppor t  t h e  Fig. 2 p i l o t  model i n  
which i t  i s  hypothesized t h a t  an ove r r id ing ly  
important  p i ece  of information (a  reques t  by ATC) 
tends  t o  e l i m i n a t e  information e x i s t i n g  i n  t h e  
short- term memory. Blunders tended t o  occur as 
t h e  p i l o t  worked on r e s t o r i n g  t h e  appropr i a t e  
in format ion  i n  short- term memory (checking r a d i o  
f r equenc ie s ,  omni bear ing  s e l e c t o r s ,  and h i s  
c h a r t ) .  In t h e  holding p a t t e r n  a t  Waiks 
i n t e r s e c t i o n ,  t h e  fol lowing c l ea rance  was 
i ssued .  "NASA 506 i s  c leared  t o  t h e  Hopewell 
A i rpo r t  v i a  t h e  F l a t  rock 134 deg r a d i a l  t o  
i n t e r c e p t  Vic tor  213 then v i a  V ic to r  213 t o  t h e  
Hopewell Vortac d i r e c t .  Depart  t h e  hold ing  
p a t t e r n  a t  time now .Iv Before 
execut ing  t h e  depa r tu re  from t h e  hold ing  p a t t e r n  
t h e  p i l o t  was asked t o  perform h i s  r a t i n g s  whi le  
t h e  s a f e t y  p i l o t  continued t o  f l y  i n  t h e  r ace  
t r a c k  p a t t e r n .  A f t e r  execut ing t h e  VOR approach 
t o  t h e  Hopewell Ai rpor t  t he  p i l o t  was requested 
t o  execute  t h e  publ ished missed approach and was 
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read t h e  fol lowing c l e a r a n c e  once e s t a b l i s h e d  i n  
t h e  holding p a t t e r n  a t  t h e  Hopewell VOR. 
"NASA 506 i s  c l e a r e d  t o  t h e  P a t r i c k  Henry Ai rpor t  
v i a  t he  Hopewell 140 deg r a d i a l  Swing 
i n t e r s e c t i o n ,  t hen  t h e  Norfolk 298 deg r a d i a l ,  
Jaws i n t e r s e c t i o n ,  d i r e c t .  Maintain 4,500 and 
c o n t a c t  Norfolk approach c o n t r o l  124.9 pas s ing  
t h e  Swing i n t e r s e c t i o n . "  Af t e r  execu t ing  the  ILS 
approach t o  P a t r i c k  Henry A i r p o r t  t h e  p i l o t s  were 
asked t o  ra te  t h e  f i n a l  segment of Scenario B. 

Scenario C -- The p i l o t s  were read t h e  fol lowing 
c l ea rance  on the  ground j u s t  be fo re  depa r tu re .  
"NASA 506 i s  c l e a r e d  t o  t h e  Westpoint A i rpo r t  v i a  
heading 080 deg t o  i n t e r c e p t  t h e  Norfolk 008 deg 
r a d i a l  Gwynn i n t e r s e c t i o n ,  V ic to r  286 t o  Faged 
i n t e r s e c t i o n ,  V ic to r  33 t o  t h e  Harcum Vortac 
d i r e c t .  Maintain 7,500, squawk 1200, con tac t  
Norfolk depa r tu re  c o n t r o l  125.4 l eav ing  
1,500 f t . "  Once e s t a b l i s h e d  on V i c t o r  286 t h e  
p i l o t  was read t h e  fo l lowing  c l ea rance .  
"NASA 506 i s  c l e a r e d  t o  t h e  Model i n t e r s e c t i o n  
v i a  Vic to r  286 t o  t h e  Richmond 071 deg r a d i a l ,  
d i r e c t  Model. Hold west of Node1 on t h e  Richmond 
071 deg r a d i a l . "  Reference t o  Fig. 26 i n d i c a t e s  
t h a t  t h e  p i l o t  was r equ i r ed  t o  execu te  a pa ra l l e l  
e n t r y  i n t o  the  holding p a t t e r n .  Once e s t a b l i s h e d  
i n  t h e  holding p a t t e r n  t h e  p i l o t  was requested t o  
make h i s  workload r a t i n g s  while  t h e  s a f e t y  p i l o t  
f lew i n  t h e  race t r a c k  p a t t e r n .  A f t e r  
accomplishing the  r a t i n g ,  t h e  p i l o t  was read t h e  
fo l lowing  clearance.  "NASA 506 i s  c l e a r e d  t o  the  
Westpoint A i rpo r t  v i a  d i r e c t  t h e  Harcum VOR 
d i r e c t  . Descend and ma in ta in  6,500, r e p o r t  
reaching. Contact Norfolk approach c o n t r o l  
119.45. Report c r o s s i n g  t h e  Harcum Vortac 
inbound out  of procedure turn."  A f t e r  execu t ing  
t h e  VOK approach t o  Westpoint,  and t h e  missed 
approach, t h e  p i l o t  was requested t o  g ive  h i s  
workload r a t i n g s  once e s t a b l i s h e d  i n  a holding 
p a t t e r n  a t  t h e  Harcum VOR. Af t e r  completing 
those  r a t i n g s ,  he was asked t o  a c t u a l l y  con tac t  
Norfolk approach c o n t r o l  f o r  r ada r  v e c t o r s  f o r  an  
I L S  approach t o  P a t r i c k  Henry F i e l d .  Scenario C 
r equ i r ed  somewhat longer  t o  accomplish than  
Scenarios  A o r  B. 

Scena r io  C r e q u i r e d  about 1:20 whereas Scenarios  
A and B r equ i r ed  about 1:00 t o  complete. 
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Scenar ios  A, B, and C were used i n  Phase I. The instrument  

approaches shown i n  Figs.  8 and 9 were added du r ing  Phase 2 I n  l i e u  of 

s c e n a r i o s  B and C. 

B. INSTRUHENT PANELS ON TEST AIRCRAFT -- EXPERIMENT I 

Four instrument  panel  conf igura t ions  were u t i l i z e d  i n  t h e s e  tests as  

shown i n  Figs.  B-2 through B-5. 
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APPENDIX C 

SCBNARIOS AND DISPLAY CONFIGUBBTION 
USED IN EXPERWENT 11 

The instrument  panel  f o r  the Beech King A i r  as it e x i s t e d  i n  t h e  

F l i g h t  S a f e t y  I n t e r n a t i o n a l  s imula to r  used i n  Experiment I1 i s  shown i n  

Fig. B-6. 

SPIFR SCENARIO 1 -- Abort t o  San Jose (SJC) 

S i t u a t i o n  -- A i r c r a f t  depar ted  LAX enroute  t o  SEA and i s  c u r r e n t l y  over  
t h e  San Franc isco  Bay area  sou th  of Oakland. 

Weather -- Widespread area of low c e i l i n g s  between 500 and 1000 f t .  
w i t h  v i s i b i l i t i e s  between 1 and 3 miles decreas ing  t o  1 / 2  
m i l e  i n  r a i n  showers. This system extends  over t h e  e n t i r e  
western United S ta t e s .  Tops between 17000 and 30000 f t .  

LAX 2 OVC 1 / 2  FRW 

SEA 5 OVC 1 1/2 --R 

I n i t i a l  Condi t ion 

0 

0 

IMPLY i n t e r s e c t i o n  (on V107 sout.. of OAK) 

39 deg 33 min 10 s e c  N L a t  and 121 deg 57 min. 

55 sec W Long, o r  OAK 114 deg rad  a t  16 nm. 

Heading = 294 deg. 

A l t i t u d e  = 29,000 f t .  

Wind is  50 k t s .  from 290 deg mag. 

SCRIPT 

l i g h t  on ( l e f t  o r  r i g h t  engine)  s h o r t l y  a f t e r  i n i t i -  I n s t r u c t o r  -- Chip 
a t i n g  s imulat ion.  

P i l o t  -- Shuts  down and secu res  engine and adv i ses  ATC of h i s  
problem. 
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I n s t r u c t o r  -- Suggest San J o s e  as t h e  b e s t  a l t e r n a t e  wi th  1500 
overcas t  and 3 miles v i s i b i l i t y .  

P i l o t  -- Advises of i n t e n t i o n  t o  proceed t o  San Jose.  

I n s t r u c t o r  -- Asks p i l o t  when ready t o  copy and subsequent ly  reads  
c l ea rance  "King Air 1234A i s  c l e a r e d  t o  t h e  SFO a i r p o r t  
v i a  V107E t o  t h e  SUNOL i n t e r s e c t i o n ,  V334 t o  t h e  SJC 
Vortac,  d i r e c t ,  descend and main ta in  5000, c ros s  SUNOL 
a t  5000, i f  unable hold east of SUNOL on t h e  Stockton 
(Sa) 229 deg r a d i a l .  Squawk 1379. Report  reaching 
5000, o r  e s t a b l i s h e d  i n  t h e  hold ing  p a t t e r n .  Expect ILS 
R30L approach." 

I n s t r u c t o r  -- Moderate turbulence  a t  15,000 f t .  

I n s t r u c t o r  -- Restrict  descent  i f  necessary  t o  guarantee  n e c e s s i t y  f o r  
ho ld ing  a t  SUNOL i n t e r s e c t i o n .  

I n s t r u c t o r  -- Moderate i c i n g  a t  10,000 f t .  

P i l o t  -- Turn on a n t i - i c i n g  equipment. 

I n s t r u c t o r  -- a t  8000 f t . ,  t u r n  on ch ip  l i g h t  and low o i l  p r e s s u r e  
l i g h t  f o r  ope ra t ing  engine,  and f i r e  warning a few 
seconds la te r .  

P i l o t  -- Shuts  down ope ra t ing  engine  and s ta r t s  engine which was 
shu t  down ear l ier .  Advises ATC of emergency. 

I n s t r u c t o r  -- Reads c learance :  "King Air 12348 i s  c l e a r e d  f o r  t h e  SJC 
ILS Runway 12R approach, p re sen t  p o s i t i o n  d i r e c t  t o  t h e  
SJC Vortac, descend and main ta in  3000, squawk 4374, 
contac t  Bay Approach on 120.1 . I t  

P i l o t  -- Reads back c learance ,  c o n t a c t s  Bay Approach, and secu res  
dead engine while  s e t t i n g  ou t  f o r  SJC. 

I n s t r u c t o r  -- "This is  Bay Approach, r e p o r t  inbound out  of procedure 
t u r n  t o  SJC tower on 124.0, say  a l t i t u d e  leaving." 

I n s t r u c t o r  -- I c i n g  o f f  a t  4000. 

I n s t r u c t o r  -- Wind s h i f t  t o  210 deg a t  10 k t s  ou t  of 4000 f t .  

P i l o t  -- Reports  inbound t o  SJC tower on 124.0. 

I n s t r u c t o r  -- "King A i r  12348 is c l e a r e d  t o  land Runway 1 2 R ,  wind 210 
deg a t  10  g u s t  t o  15. 

P i l o t  -- Lands and g ives  r a t i n g s .  
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SPIFB SCENARIO 2 --Abort t o  San Francisco (SFO) 

I n i t i a l  Conditions 

0 BUSH i n t e r s e c t i o n  (on V107 s o u t h  of OAK) 

0 Heading 301 deg. 

0 A l t i t u d e  30,000 f t .  

0 Wind is  50 k t s  from 290 deg. 

SCRIPT 

I n s t r u c t o r  -- Chip l i g h t  on ( l e f t  or r i g h t  engine)  s h o r t l y  a f t e r  i n i t i -  
a t  i n g  s imul a t ion. 

P i l o t  -- Shuts down and secures  engine.  

I n s t r u c t o r  -- Advises t h a t  SFO i s  t h e  b e s t  p l a c e  t o  go i n  terms of 
weather. 

I n s t r u c t o r  -- Reads c l e a r a n c e  "King Air 1234A i s  c l e a r e d  t o  t h e  SFO 
a i r p o r t  v i a  V107E t o  t h e  OAK Vortac,  d i r e c t  B R I J J .  
Expect t h e  runway 28R ILS approach. Cross t h e  SUNOL 
i n t e r s e c t i o n  a t  5000, i f  unable hold w e s t  of SUNOL on t h e  
093 deg r a d i a l  of t h e  OAK Vortac. Squawk 4173. Report 
reaching 5000, o r  e s t a b l i s h e d  i n  t h e  holding p a t t e r n .  
The SFO weather i s  400 o v e r c a s t ,  v i s i b i l i t y  1 / 2  i n  l i g h t  
r a i n  showers, wind i s  240 deg a t  10 gus t  t o  20." 

I n s t r u c t o r  -- Moderate Turbulence a t  17,000. 

I n s t r u c t o r  -- Moderate i c i n g  a t  12,000. 

P i l o t  -- Turns on a n t i - i c i n g  equipment. 

I n s t r u c t o r  - A t  10,000 f t . ,  t u r n  low o i l  p r e s s u r e  l i g h t  and reduce o i l  
p r e s s u r e  t o  value f o r  mandatory shut-down on o p e r a t i n g  
engine,  and i n i t i a t e  f ire warning a few seconds later.  

P i l o t  -- Shuts  dawn o p e r a t i n g  engine,  a c t i v a t e s  f i r e  b o t t l e  and 
starts engine which was s h u t  down earlier. Advises ATC 
of new emergency. 

I n s t r u c t o r  -- Reads clearance:  "King A i r  1234A is  c l e a r e d  f o r  t h e  SFO 
runway 28R ILS approach v i a  p re sen t  p o s i t i o n ,  d i r e c t  t h e  
B R I J J  o u t e r  compass locater. Descend and maintain 3000, 
squawk 5386, con tac t  Bay Approach 120.1." 
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P i l o t  -- Reads back c l e a r a n c e ,  c o n t a c t s  Bay Approach, and s e c u r e s  
dead engine wh i l e  s e t t i n g  o u t  f o r  B R I J J .  

I n s t r u c t o r  -- "This is Bay Approach, r e p o r t  inbound ou t  of procedure 
t u r n  t o  SFO tower on 120.5." 

I n s t r u c t o r  -- I c i n g  off  a t  4000 f t .  

I n s t r u c t o r  -- Wind s h i f t  t o  180 deg a t  10 k t .  out  of 4000 f t .  

P i l o t  -- Reports inbound t o  SFO tower on 120.5. 

I n s t r u c t o r  -- "King A i r  12348 is  c l e a r e d  t o  land Runway 28L, wind 180 
deg a t  10 k t  g u s t s  t o  15  k t .  

P i l o t  -- Lands and g ives  r a t i n g s .  

SPIFR SCENARIO 3 - LAX t o  SAN, Abort to LGB Due to Engine F i r e  

Weather -- LAX 400 o v e r c a s t ,  v i s i b i l i t y  1 m i l e  i n  fog. Wind i s  240 
deg a t  20 k t s .  Moderate r a i n  showers east. SAN 200 
o v e r c a s t ,  v i s i b i l i t y  1 / 2  i n  moderate r a i n .  Widespread 
area of low c e i l i n g s  wi th  v i s i b i l i t i e s  between 1 and 3 
miles, throughout C a l i f o r n i a ,  Nevada, and Arizona. 
V i s i b i l i t i e s  less than  1 mile i n  r a i n  showers. Tops 
between 20,000 and 25,000 f t .  P i l o t s  r e p o r t  moderate 
tu rbu lence  below 20,000 f t .  and moderate mixed i c i n g  i n  
clouds above 4000 f t .  

I n i t i a l  Conditions 

On ground a t  LAX. A l l  c h e c k l i s t s  complete and i n  p o s i t i o n  f o r  take- 

o f f .  

SCRIPT 

I n s t r u c t o r  -- Reads c l e a r a n c e  "King A i r  1234A i s  c l e a r e d  t o  t h e  San 
Diego Lindbergh Ai rpor t  v i a  V25 Mission Bay Vortac,  
d i r e c t .  Maintain 13000. Maintain runway heading t o  
1000, t hen  t u r n  l e f t  t o  i n t e r c e p t  V25, on course. Squawk 
5431 j u s t  be fo re  depa r tu re .  Contact LAX d e p a r t u r e  
c o n t r o l  124.3 o u t  of 2000, and tower on 119.3 when ready 
f o r  takeoff  .I1 

I n s t r u c t  or -- F a i l  an engine j u s t  a f t e r  l i f t o f f  - t u r n  on f i r e  warning, 
o i l  p r e s s u r e ,  and f u e l  p r e s s u r e  l i g h t s  on f a i l e d  s i d e .  

P i l o t  -- Advises ATC of h i s  problem. 
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I n s t r u c t o r  -- "King A i r  1234A i s  c leared  t o  climb on runway heading t o  
1000 f t . ,  and then t u r n  l e f t  t o  a heading on 070 deg f o r  
a vec to r  t o  t h e  LAX runway 24R f i n a l  approach course." 
Maintain 2500 f t .  

I n s t r u c t o r  -- When a i r c r a f t  is  abeam LAX adv i se  p i l o t  t h a t  "LAX i s  
below minimums ( c e i l i n g  zero,  RVR = 600 f t . ) .  Santa  
Monica, Long Beach, and Hawthorne a i r p o r t s  are above 
minimums. Advise when ready t o  copy weather." 

I n s t r u c t o r  -- 
0 LGB i s  800 ove rcas t ,  v i s i b i l i t y  1 mile wind i s  300 

deg a t  5 k t s .  ILS runway 30 approach i n  use.  

9 SMO i s  600 ove rcas t ,  v i s i b i l i t y  1 1/4 mile i n  
moderate r a i n ,  wind 350 deg a t  20, g u s t s  t o  30. VOR 
a lpha  approach i n  use.  

0 Hawthorne i s  600 ove rcas t ,  v i s i b i l i t y  1 mile wind 170 
deg a t  20, gusts  t o  30. 

P i l o t  -- S e l e c t s  LGB. I f  n o t ,  he is  convinced t o  do so .  

I n s t r u c t o r  -- Asks p i l o t  when he i s  ready t o  copy c l ea rance  t o  LGB. 
Reads c learance .  "King A i r  12348 i s  c leared  t o  t h e  LGB 
a i r p o r t  v i a  p re sen t  p o s i t i o n  t o  i n t e r c e p t  V25, ALBAS 
i n t e r s e c t i o n .  Maintain 5000 f t. Squawk 520 1. Expect 
I L S  Runway 30 approach." 

P i l o t  -- Copies c l ea rance ,  and g e t s  ou t  approach p l a t e .  

I n s t r u c t o r  -- Advises p i l o t  t o  contac t  coas t  approach on 127.2.  

P i l o t  -- Contacts coas t  approach. 

I n s t r u c t o r  -- Advises p i l o t  t h a t  " the  LGB I L S  i s  out  of s e r v i c e ,  expec t  
t h e  VOR runway 30 approach. Squawk 4432 and ident ."  

I n s t r u c t o r  -- A t  t h e  ALBAS i n t e r s e c t i o n ,  read t h e  fo l lowing  c l ea rance ,  
"King A i r  12348 i s  c l ea red  f o r  t h e  VOR runway 30 approach 
t o  t h e  LGB a i r p o r t .  Report inbound ou t  of procedure t u r n  
t o  t h e  tower on 119.4 and squawk 4432 and ident ."  

I n s t r u c t o r  -- Se t  s imula ted  winds t o  090 deg a t  15 k t s .  

I n s t r u c t o r  -- F a i l  number one compass w h i l e  p i l o t  is copying c learance .  

P i l o t  -- Completes procedure t u r n  and r e p o r t s  inbound. 

I n s t r u c t o r  -- Clears  12348 f o r  t h e  approach. 



P i l o t  -- I n i t i a t e s  missed approach. 

I n s t r u c t o r  -- Terminates s imula t ion .  

SPIFR SCENARIO 4 -- LAX to SAN, Abor to SMO due to Engine Problems 

Weather -- LAX 400 o v e r c a s t ,  v i s i b i l i t y  1 mile i n  fog. Wind i s  240 
deg a t  10 k t s .  Moderate r a i n  showers east. A l t i m e t e r  
29.90. SAN 200 o v e r c a s t ,  v i s i b i l i t y  1 / 2  i n  moderate 
ra in .  Widespread area of low c e i l i n g s  w i t h  v i s i b i l i t i e s  
between 1 and 3 miles, throughout C a l i f o r n i a ,  Nevada and 
Arizona. V i s i b i l i t i e s  less than  1 mile i n  r a i n  
showers. Tops between 20,000 and 25,000 f t .  P i l o t s  
r e p o r t  moderate turbulence  below 20,000 f t. and moderate 
mixed i c i n g  on clouds above 4000 f t .  

I n i t i a l  Conditions 

On ground a t  LAX. A l l  c h e c k l i s t s  complete and i n  p o s i t i o n  f o r  take-  

o f f .  

SCRIPT 

I n s t r u c t o r  -- Reads c l ea rance  "King A i r  1234A i s  c l ea red  t o  t h e  San 
Diego Lindbergh Airpor t  v i a  V25 Mission Bay Vortac,  
d i r e c t .  Maintain 13000. Maintain runway heading t o  
1000, t hen  t u r n  l e f t  t o  i n t e r c e p t  V25, on course.  Squawk 
5431 j u s t  befor  depar ture .  Contact LAX depa r tu re  c o n t r o l  
124.3 ou t  of 2000, and tower on 119.3 when ready f o r  
takeoff  .I1 

I n s t r u c t o r  -- F a i l  an engine j u s t  a f t e r  l i f t o f f  -- t u r n  on o i l  
p re s su re ,  and f u e l  p re s su re  l i g h t s  on f a i l e d  s i d e .  

P i l o t  -- Advises ATC of h i s  problem. 

I n s t r u c t o r  -- "King A i r  1234A is  c l ea red  t o  climb on runway heading t o  
1000 f t . ,  and then  t u r n  l e f t  t o  a heading of 070 deg f o r  
a vec to r  t o  t h e  LAX runway 24R f i n a l  approach course.  
Maintain 2200 f t . "  

I n s t r u c t o r  -- When a i r c r a f t  i s  abeam LAX adv i se  p i l o t  t h a t  "LAX i s  
belew minimums ( c e i l i n g  zero ,  RVR = 600 f t . ) .  Santa  
Monica, Long Beach, and Hawthorne a i r p o r t s  are above 
minimums. Advise when ready t o  copy weather." 
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I n s t r u c t  o r  -- 
@ LGB i s  200 o v e r c a s t ,  v i s i b i l i t y  1 / 2  m i l e  i n  moderate 

r a in .  Wind i s  360 deg a t  20 k t s .  ILS runway 30 
approach i n  use.  

o SMO is 1500 o v e r c a s t ,  v i s i b i l i t y  1 1/2 m i l e  i n  l i g h t  
r a i n ,  wind i s  l i g h t  and v a r i a b l e ,  VOR a lpha  approach 
i n  use. 

o Hawthorne i s  600 ove rcas t ,  v i s i b i l i t y  1 mile ,  wind 
170 deg a t  20, g u s t s  t o  30. VOR runway 25 approach 
i n  use.  

I 
P i l o t  -- S e l e c t s  SMO. I f  no t ,  he  i s  convinced t o  do so. 

Instrument  -- Asks p i l o t  when he i s  ready t o  copy c learance  t o  SMO. 
Reads clearance.  "King A i r  1234A i s  c l ea red  t o  t h e  SMO 
a i r p o r t  v i a  p re sen t  pos i t i on  d i r e c t  S L I  Vortac,  V 8  t o  t h e  
POM 164 deg r a d i a l ,  t h e  POM 164 deg r a d i a l  t o  t h e  VNY 096 
r a d i a l ,  t h e  VNY 096 r a d i a l  t o  Darts i n t e r s e c t i o n ,  
d i r e c t .  Maintain 4000, and expect 5000 i n  10 miles.  
Expect VOR a lpha  approach t o  SMO. 

P i l o t  -- Copies c learance ,  and g e t s  o u t  approach plate.  

I n s t r u c t o r  -- Advises p i l o t  t o  con tac t  L O ~  Angeles Approach on 124.5. 

P i l o t  -- Contacts  LAX Approach. 

I n s t r u c t o r  -- Squawk 4432 and iden t .  Climb and maintain 5000, r e p o r t  
r each ing  . 

P i l o t  -- Reports reaching 5000. 

I n s t r u c t o r  -- "Report Elmoo i n t e r s e c t i o n .  SMO weather now 600 
ove rcas t ,  v i s i b i l i t y  1 mile i n  l i g h t  r a i n  and fog ,  
a It i m e  t er 2 9.8 7. 'I 

I n s t r u c t o r  -- Set  s imulated winds t o  280 deg a t  15 k t s .  

I n s t r u c t o r  -- S e t s  up s imula tor  s o  landing gear  must be extended 
manua 1 l y  . 

P i l o t  -- Reports  Elmoo i n t e r s e c t i o n .  

I n s t r u c t o r  -- "King A i r  1234A is  c l ea red  f o r  t h e  VOR a lpha  approach t o  
SMO, r e p o r t  Bevy i n t e r s e c t i o n  t o  t h e  tower on 120.1. 
Maintain 5000 u n t i l  e s t ab l i shed  on t h e  f i n a l  approach 
course.  Current  SMO a l t i m e t e r  is 29.87," 

P i l o t  -- Reports problem wi th  landing gear .  
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I n s t r u c t o r  -- I f  p i l o t  i s  on tower f requency ,  have him change t o  
Approach on 124.5 and read t h e  fo l lowing  c l ea rance  "King 
Air 1234A i s  c l ea red  t o  hold no r th  of Darts on t h e  SMO 
032 r a d i a l .  Maintain 5000. Report e s t a b l i s h e d  i n  t h e  
hold ing  p a t t e r n ,  and adv i se  when ready t o  i n i t i a t e  t h e  
approach . 

P i l o t  -- Advises he  i s  ready. 

I n s t r u c t o r  -- King Air 1234A i s  c l ea red  f o r  t h e  VOR a lpha  approach, 
contac t  t h e  tower on 120.1 a t  Bevy. 

I n s t r u c t o r  -- "King A i r  1234A i s  c l ea red  t o  land  runway 2 1 ,  wind i s  280 
deg a t  15. 

P i l o t  -- I n i t i a t e s  missed approach. 

I n s t r u c t o r  -- Terminates s imula t ion .  

SPIFR SCENARIO 5 - LAX to SAN, Abort to HHR Due t o  Engine Failure 

Weather -- LAX 400 ove rcas t ,  v i s i b i l i t y  1 m i l e  i n  fog. Wind i s  240 
deg a t  10 k t s .  Moderate r a i n  showers east. SAN 200 
ove rcas t ,  v i s i b i l i t y  1/2 i n  moderate r a in .  Widespread 
area of low c e i l i n g s  wi th  v i s i b i l i t i e s  between 1 and 3 
m i l e s ,  throughout C a l i f o r n i a ,  Nevada, and Arizona. 
V i s i b i l i t i e s  less than  1 mile  i n  r a i n  showers. Tops 
between 20,000 and 25,000 f t .  P i l o t s  r e p o r t  moderate 
turbulence  below 20,000 f t .  and moderate mixed i c i n g  i n  
clouds above 1000 f t .  

I n i t i a l  Condi t ions 

On ground a t  LAX. A l l  c h e c k l i s t s  complete and i n  p o s i t i o n  f o r  take-  

o f f .  

SCRIPT 

I n s t r u c t o r  -- Reads c l ea rance  "King A i r  1234A is c l e a r e d  t o  t h e  San 
Diego Lindbergh Ai rpor t  v i a  V25 Mission Bay Vortac,  
d i r e c t .  Maintain 13000. Maintain runway heading t o  
1000, then  t u r n  l e f t  t o  i n t e r c e p t  V25, on course.  Squawk 
5431 j u s t  before  depar ture .  Contact LAX d e p a r t u r e  
c o n t r o l  124.3 o u t  of 2000, and tower on 119.3 when ready 
f o r  takeoff  ." 

P i l o t  -- Calls LAX depar ture .  
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I n s t r u c t o r  -- 
instructor -- 

P i l o t  -- 
I n s t r u c t o r  -- 

King A i r  1234A climb and maintain 13000. 

Turns on ch ip  l i g h t  on one engine as a i r c r a f t  passes 
through 500 f t .  This i s  fol lowed by a low o i l  p re s su re  
l i g h t  and f a i l u r e  of t h e  engine. 

Advises ATC of h i s  problem. 

Advises p i l o t  t h a t  "LAX i s  below minimums ( c e i l i n g  z e r o ,  
RVR = 600 f t . ) .  Santa  Monica, Long Beach, and Hawthorne 
a i r p o r t s  are above minimum. Advise when ready t o  copy 
weather.  

I n s t r u c t o r  -- 

0 LGB i s  ZOO ove rcas t ,  v i s i b i l i t y  1/2 m i l e ,  wind i s  350 
deg a t  25 kts. ILS runway 30 approach i n  use.  

0 SMO is 600 overcas t ,  v i s i b i l i t y  1 1/4 mile i n  
moderate r a i n ,  wind 350 deg a t  20, gus t s  t o  30. VOR 
a l p h a  approach i n  use. 

0 Hawthorne i s  800 overcas t ,  v i s i b i l i t y  2 m i l e ,  wind i s  
l i g h t  and va r i ab le .  Loca l i ze r  approach t o  runway 25 
i n  use. 

P i l o t  -- 

I n s t r u c t o r  -- 
I n s t r u c t o r  -- 

P i l o t  -- 

I n s t r u c t o r  -- 

P i l o t  -- 
I n s t r u c t o r  -- 

I n s t r u c t o r  -- 

S e l e c t s  HHR. I f  n o t ,  h e  is convinced t o  do so. 

Turns on moderate i c i n g .  

Asks p i l o t  when he i s  ready t o  copy c learance  t o  HHR. 
Reads c learance .  "King A i r  12348 i s  c l ea red  t o  t h e  HHR 
a i r p o r t  v i a  r e sen t  p o s i t i o n  d i r e c t  SLI Vortac, t h e  SLI 
022 deg r a d i a  t o  LAHAB i n t e r s e c t i o n ,  d i r e c t .  Maintain 
4000. Expect t h e  Loca l i ze r  approach t o  runway 25." 

Copies c l ea rance ,  and g e t s  ou t  approach plate.  

Advises p i l o t  t o  con tac t  LAX approach on 124.9. 

Contacts  Los Angeles Approach. 

"King Air 1234A Squawk 4457 and iden t .  Hawthorne weather 
i s  measured 900 ove rcas t ,  v i s i b i l i t y  1 m i l e  i n  f o g ,  
altimeter is  29.89. Report pass ing  SLI Vortac and t h e  
LAHAB i n t e r s e c t i o n .  Maintain 4000." 

After c ros s ing  SLI Vortac "King Air 1234A is  c l ea red  f o r  
t h e  VOR Runway 25 approach, con tac t  t h e  tower 121.1 over  
B e l l i  i n t e r sec t ion . "  
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I n s t r u c t o r  -- S e t s  up s imula to r  f o r  a low i n v e r t e r  vo l t age  c o n d i t i o n  
half  way between SLI and t h e  LAHAB i n t e r s e c t i o n .  

P i l o t  -- I n i t i a t e s  missed approach. 

I n s t r u c t o r  -- Terminates s i m u l a t i o n  a f t e r  one t u r n  i n  t h e  h o l d i n g  
p a t t e r n  a t  t h e  LIMBO i n t e r s e c t i o n .  
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